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THESIS SUMMARY 
This study explores the possibilities of using solid base catalysts, mainly hydrotalcites, 
for the transesterification of triglycerides (TAG) possessing alkyl groups in the range of 
C4-C18. The aim of the research is to design various types of layered double hydroxides 
(LDHs) formulated with different atomic ratio of M2+/Al3+ (M = Zn2+, Ni2+ and Mg2+), 
spanning from 1.5-4.0 via an alkali-free method. To enhance the physicochemical 
properties of the LDH, catalysts were calcined-rehydrated via gas-phase (GP), liquid-
phase (LP), and hydrothermal (HTM) pathways. Extensive characterisation of both 
structural and base properties of these materials was conducted to provide a greater 
insight into the role of base sites for heterogeneously catalysed transesterification. 
Results showed HTM reconstructed method enhances the LDH reconstruction purity, 
surface area and basicity. A positive trend in initial rates was observed as GP < LP < 
HTM with reconstruction on conventional ZnAl LDH. Following this, the HTM 
reconstruction method was consequently applied in conventional NiAl and MgAl LDH 
and further underwent transesterification reaction. However, the diffusion rates of C18 
was still hampered by the bulky chains and narrow pores, which the turnover frequency 
(TOF) in a range of 0.46 min-1 for all prepared conventional LDH materials. This was due 
to the steric limitation of bulkier TAG to access the Bronsted basic sites within the 
interlayer and edges of LDHs. To overcome this, catalysts possessing a macroporous 
framework have been synthesised on Zn/Al, Mg/Al and Ni/Al LDH using the polystyrene 
template and reconstructed under HTM method. Preliminary studies on macroporous 
Ni/Al LDH found that reconstruction is impossible at ratio 4:1, thus it was discontinued. 
Macroporous Zn/Al and Mg/Al LDH were further characterised and tested in the 
transesterification reaction. The TOF was increased nearly ~20 folds in both 
macroporous LDH, simultaneously overcoming the above issue. Additionally, a 
comparison on commercial solid based catalysts such as dolomite and NanoMgO were 
also carried out. A remarkable catalytic performance was observed on commercial 
catalysts compared to the conventional and macroporous LDH materials which mainly 
attributed from the enhanced basicity of the catalyst.  AN 
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1.0 Introduction 
 This chapter provides an overview of the current status of biodiesel production 
using heterogeneous solid acid and base catalysts1 which can offer significant process 
advantages of improved product separation, decreased waste and also opportunities to 
work in continuous operation. A particular focus of the review will be on recent robust 
catalysis technology which seeks to overcome mass transfer limitation in bulk by 
designing tailored hierarchical macroporous-mesoporous frameworks.  
1.1 Problem statement and research motivation  
In this topic, two major research problems have been identified. The first issue is 
related to the fossil oil depletion and the second issue is on how homogeneous catalysts 
are not suitable to use in biodiesel transesterification reactions will be explained in 
following sub-topic.   
1.1.1 Oil depletion issues  
The World Energy Forum has predicted that fossil-based oil, coal and gas 
reserves will be exhausted in less than ten decades2–4. Exxon Mobil has developed an 
annual outlook on future trends in energy supply, demand and technology5. According 
to this report, the world’s population will rise 25 % from 2010 to 2040, equating to a 
growth of nearly nine billion. Along with this urban growth, energy consumption and fuel 
usage also will be increased. Whilst demand keeps increasing across the years, 
consumption of oil is faster than discoveries, thus petroleum production is decreasing 
and will be depleted.  
These predictions are described by Hubbert peak theory, which says that when 
the peak production is passed, production rates enter an exponential decline6. The 
depletion or decline process is a natural phenomenon that accompanies the 
development of all non-renewable resources. Figure 1.1 illustrates the global peak oil 
discoveries and production over the past centuries. This issue has brought a renewed 
interest in the use of bio-based materials. 
The desire to replace the petroleum-based material with environmentally friendly 
and sustainable alternatives has stimulated the development of oil-based materials such 
as biodiesel. The development of renewable, biodegradable, and environmentally 
friendly industrial fluids on biodiesel has resulted in the widespread use of natural oils 
and fats from non-edible feedstocks.   
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Figure 1.1 The peak oil discovery and the peak oil production for the past hundred years. 
Adapted from Tsoskounoglou et al.7 with permission from Elsevier (Appendix 1). 
 
1.1.2 Problems of homogeneously catalysed biodiesel 
production 
Biodiesel is defined as an alternative fuel that being produce from a 
transesterification process using oils or fats from vegetable oil, tallows or waste cooking 
oil. Conventionally, the most frequent method used to produce biodiesel is using a 
homogeneous acid-base catalyst. Homogeneous base catalysts such as sodium and 
potassium hydroxides, for instance, have been reported to yield high conversion of 
vegetable oil to methyl ester8,9. However, there are many drawbacks, in particular, 
catalyst recovery is almost impossible and saponification occurs with results in 
separation and purification problems8–12. Thus, biodiesel and glycerol by-product have 
to undergo extensive washing, which is energy intensive, generating vast quantities of 
waste, as well as being a time-consuming process.  
Homogeneous catalysts are also often very sensitive towards free fatty acid 
(FFA) and water content in triglycerides (TAG)13. If the feedstock contains more than 3 
wt% FFA, typical homogeneous catalysts such as sodium hydroxide (NaOH), potassium 
hydroxide (KOH) or methoxide have tendencies to form soap and water (or methanol if 
using methoxide ions) through the saponification process12,14 (Figure 1.2). This leads to 
quenching steps which render separation of the catalyst become almost impossible15. 
Complete removal of the catalyst is essential as several researchers reported residual 
homogeneous catalyst can corrode engine components12,16.  
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Figure 1.2 Formation of unwanted side products during saponification reaction. 
 
In view of the limitations associated with homogeneous catalysts, suitable 
heterogeneous catalysts are needed as a matter of urgency for green chemistry, as 
emphasised by Dhakshinamoorthy et al.17 with the advantages of heterogeneous 
catalysts widely reported8,12,16,18. Apart than that, the potential to exploit the simplified 
downstream operation of a heterogeneously catalysed process, along with improved 
economics process and probability for producing higher purity biodiesel are more 
pronounced8. It is important that the catalyst does not exhibit any leaching of the active 
phase during the reaction in order to have more productive catalyst and to avoid 
contaminating product at the same time. In both cases discussed above, urgent 
alternatives oil sources are needed in order to meet the current demand. This has 
motivated scientists and researchers to work hard in order to accomplish this goal. 
1.2 General background to biodiesel 
1.2.1 Biodiesel as an alternative fuel 
There many research initiatives aimed at developing alternative renewable 
biodiesels and energy resources19–21. However, alternate resources of first and second 
generation biodiesels derived from terrestrial crops and non-edible crops contribute to 
water shortages and destruction of the world’s forests10. Therefore, biodiesels 
specifically derived via transesterification reaction of oil feedstock using heterogeneous 
solid base and solid acid catalysts are considered to be a technically viable alternative 
energy resource that is devoid of the major drawbacks of first-generation biodiesels.  
The urge to find sustainable replacements for transport fuel has led to a drive to 
find renewable, non-toxic and carbon-neutral biofuels. Biodiesel is a fuel composed of a  
mono-alkyl ester derived from vegetable oil or fats oil, which is proven to contribute to 
reductions in the world’s dependence on fossil oils22.The most significant advantages of 
biodiesel usage over fossil fuel are: 
 
O
OHR
+  NaOH (or NaOCH3)
O
O-Na+R
+  H2O (or CH3OH)
soapFFA
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a) Biodiesel can be produced from plant, algae or waste oil, including 
sunflower, soybean, palm, canola oil, jatropha oil and many more10,23,24. 
This factor contributes to the reduction of greenhouse gas (GHG) emission 
simultaneously25. However, care must be taken to ensure land use issues 
do not arise when using such feedstocks. 
b) Biodiesel is biodegradable, non-toxic, safe and produces less 
contamination towards environments compared to fossil fuels which 
release greenhouse gases that lead to the global warming26.  
c) Biodiesel has the remarkable potential to lessen the world’s dependency 
on petroleum-based oil. The transportation sector is the most dependent 
on petroleum-based fuel such as diesel, gasoline and liquid petroleum gas 
(LPG) and compressed natural gas (CNG)27. Sharma et al.25 reported that 
biodiesel produces non-toxic emissions due to it having less carcinogenic 
components and a low sulphur content. In addition, biodiesel significantly 
reduces exhaust emissions such as unburnt hydrogen, carbon monoxides 
and particulate matters.  
d) Biodiesel is also a safer fuel which gives better engine performance due to 
the higher cetane number (CN) and flash point compared to petrol diesel 
(Table 1.1). The essential property of diesel performance is the ability to 
auto ignite, which is determined by the cetane number28. The higher the 
cetane number, the better performance of the engine. 
e) Biodiesel improves the energy security of nations, particularly developing 
nations without fossil fuel reserves, with the potential to play an important 
role in world primary energy. Producing biodiesel can help a country lessen 
their reliance on imported fuel or reduce the impact of volatile foreign 
markets. Biodiesel can also help support local economies where it creates 
new infrastructure jobs for people29.  
Table 1.1 Comparison of petrol diesel and biodiesel fuel property. Adapted from Joshi 
and Pegg30 with permission from Elsevier (Appendix 2). 
Fuel property Diesel Biodiesel 
Fuel standard ASTM D975 ASTM PS 121 
Fuel composition C10 – C21 HC C12-C22 FAME 
Lower heating value (MJ/m3) 36.6 × 103 32.6 × 103 
Kinematic viscosity @ 40 °C (mm2/s) 1.3–4.1 1.9–6.0 
Specific gravity @ 15.5 °C 0.85 0.88 
Density @ 15 °C (kg/m3) 848 878 
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Water (ppm by wt.) 161 0.05 % max 
Carbon (wt%) 87 77 
Hydrogen (wt%) 13 12 
Oxygen (by diff.) (wt%) 0 11 
Sulfur (wt%) 0.05 max 0.0–0.0024 
Boiling point (°C) 188–343 182–338 
Flash point (°C) 60–80 100–170 
Cloud point (°C) −15 to 5 −3 to 12 
Pour point (°C) −35 to −15 −15 to 10 
Cetane number 40–55 48–65 
Stoichiometric air/fuel ratio (wt./wt.) 15 13.8 
 
Even though biodiesel comprises advantages over diesel fuels as mentioned above, it 
also has limitations. Among the disadvantages of biodiesel or direct use of oils as a fuel 
are: 
a) Production of biodiesel from edible oils (first generation of biodiesel) has led 
to many issues such as competition over land usage for crops agricultural 
and biofuel production. In conjunction with this, food shortage, raised food 
prices and destruction of biodiversity as deforestation occurred29 are major 
causes for concern. The production of biodiesel from second generation 
feedstocks should be encouraged to make these more viable/profitable. 
b) Incomplete combustion is a frequent problem associated with the direct use 
of vegetable oil as a fuels31. While polyunsaturated fatty acids are very 
vulnerable to polymerisation and gum formation at a higher temperature, this 
can be improved by blending vegetable oil with diesel.  
c) Other problems include carbon deposits, coking and trumpet formation in 
injectors, oil ring sticking and thickening and lubricating oil gelling8,32,33. 
Atadashi et al.8 addressed the above problems and also suggested few 
potential solutions such as preheating engines prior to starting, adjusting 
injection timing and use of higher compressor engines. 
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 1.2.2 The Biodiesel production process 
Commercially, there are four different techniques to produce biofuel from 
triglycerides; direct use and blending, microemulsions, thermal cracking (pyrolysis) or 
transesterification23. Out of these methods, transesterification is the most energy efficient 
due to the mild conditions that can be employed for conversion of the triglyceride to the 
fatty acid methyl ester (FAME) which is the fuel widely referred to as biodiesel11. 
Transesterification is a process of converting triglycerides (TAG) from vegetables oil or 
fats to fatty acid methyl ester (FAME) in the addition of an alcohol such as methanol in 
the presence of acid, base or enzyme catalyst (Figure 1.3).  
 
 
Figure 1.3 General equation of the transesterification reaction. 
 
1.2.3 The transesterification reaction 
Transesterification is a reversible reaction in which there is an exchange of the 
alkyl group of an ester with an alkyl group of an alcohol as shown above, and can be 
catalysed by acid or base catalyst26,34. This reaction also can be accomplished by 
addition of enzymes (biocatalysts) particularly lipases35–37. Biodiesel is commonly 
composed of fatty acid methyl ester (FAME) and can be produced by triglycerides from 
vegetable oils by transesterification with methanol as illustrated in Figure 1.4. The 
reaction of triglycerides with methanol proceeds in a stepwise manner to produce the 
intermediates of diglyceride and monoglyceride, with subsequent reactions with 
methanol producing glycerol and biodiesel.  
The mechanisms for base and acid catalysed transesterification are shown in 
Figure 1.5 and Figure 1.638 respectively. In the basic conditions, the nucleophilic of 
alkoxide ion (RO-) attacks the carbonyl group of triglycerides ions and forming a 
tetrahedral intermediate. This process is followed by the rearrangement of the 
intermediate producing one molecule of methyl ester and diglyceride ion, with a further 
nucleophilic attack on the electrophile producing glycerol and FAME (biodiesel).  
 
R       O     
R' + R" OH    
O
R       O     
R" + R'     OH    
O
Catalyst
Ester Alcohol Ester Alcohol
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Figure 1.4 The overall transesterification reaction of triglycerides. 
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Figure 1.5 Mechanism reaction of transesterification by using a base catalyst. Reprinted 
from Meher et al.38 with permission from Elsevier (Appendix 3). 
 
 
Figure 1.6 Mechanism reaction of esterification by using an acid catalyst. Reproduced 
from Meher et al.38 with permission from Elsevier (Appendix 4). 
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For the acid catalysed -reaction, the carbonyl group is activated toward 
nucleophilic attacks by protonation of H+. Principally, carbonyl is protonated first before 
OH due to the carbonyl group being more nucleophilic compared to OH. The net effect 
of protonation leads to a weakening of the carbon-oxygen π bond thus makes carbonyl 
carbon a stronger electrophile. The weakly nucleophilic alcohol is then able to attack the 
carbonyl carbon forming an intermediate which possesses two equivalent hydroxyl 
groups. Intramolecular proton transfer ultimately leads to the loss of water and a proton 
as the ester is formed.  
Hydrotalcite, a common solid base catalyst has been received an enormous 
attention in the transesterification of biodiesel39. The first systematic study of 
transesterification mechanism using ZnAl hydrotalcite was reported by Liu et al. in 
201440. To be active in transesterification, the catalyst must adsorb the substrate to 
produce intermediate products and further reacts to produce the final products.  
Interestingly, they reported methanol can absorb on OH group of triglycerides and form 
both bridging and terminals methoxy group if the reaction temperature is at 423 K. They 
also stated transesterification is more favourable on terminal methoxy due to it being 
more ionic40,41. Meanwhile, bridging methoxy may re-associate to methanol henceforth 
do not contribute in the transesterification. 
Another recent systematic study on transesterification mechanism of MgAl 
hydrotalcite has been done by Ma et al.42 in 2016 aligned with details reported by Liu et 
al.40. In general, to activate the reaction, methanol is catalytically absorbing on the 
surface to form the nucleophilic methoxy (CH3O-) species. Then, the methoxy group 
attacks the carbonyl carbon to form tetrahedral intermediates. Rearrangement of 
intermediates happens if the surface of the catalysts has sufficient methoxy coverage, 
then transesterification will occur sequentially, leading to diglycerides, monoglycerides, 
and ultimately glycerol40. 
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1.2.4 Oil feedstocks for biodiesel production 
1.2.4.1 1st and 2nd generation biodiesel fuels 
Conventionally, biodiesel is produced from a chemical reaction called 
transesterification as explained earlier. Biodiesel can be classified into two types: first 
generation and second generation biodiesel. The first generation of biodiesel is derived 
from edible feedstock such as soybean oil, rapeseed oil, palm oil, sunflower oil and 
linseed1,26, however, these sources of biodiesel provoked much concern over the 
competition of land use for agriculture versus energy crop cultivation12,26,43. These oils 
also have different fuel properties when compared to diesel fuel, most notably higher 
density, viscosity and flash point, as well as lower cetane number and heating values, 
which raised environmental issues relating to incomplete combustion and production of 
higher levels of emissions11.  
Then, so-called second generation biodiesel feedstocks are derived from non-
food oil sources and have been developed to reduce the dependency on edible oils44. 
Jatropha curcas, jojoba oil, tobacco seed and sea mango are among the second  
generation biodiesel45.  In addition to increased use of waste cooking oils, restaurant 
grease and animal fats, such as beef tallow and pork lard, which are also considered as 
second generation feedstocks. Table 1.2 shows the comparison of petroleum fuel, first 
and second generation of biodiesel as well as other biofuels derived from sugars and 
lignocellulose that form part of the renewable fuels landscape. 
Biodiesel production from algae is another perspective avenue that is receiving 
increased attention from biodiesel researchers27. While there is a strong view among 
industry professionals that algae represent the most optimal feedstock for biofuel 
production in the long run, there are concerns over the cost of production and nutrient 
requirement which needs to be carefully managed. These second generation biofuels 
will help to reduce the demand on land as algal cultivation can be conducted in large 
scale pond facilities which do not place a demand on agricultural land46. Algae is claimed 
to be the only feedstock that can be produced on a scale large enough to meet targets 
for biofuel production in a short time47–49. 
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Table 1.2 Comparison of petroleum fuel, first and second generation of biodiesel. 
Adapted from Naik et al.45 with permission from Elsevier (Appendix 5). 
Criteria/Type Petroleum refinery First generation Second 
generation 
Feedstock Crude petroleum Edible vegetable 
oils, corn sugar, etc. 
Non-edible crops, 
waste biomass i.e 
cellulose, lignin etc. 
and aquatic 
biomass (algae) 
Products  Compressed natural 
gas (CNG), liquefied 
petroleum gas(LPG), 
diesel, petrol, 
kerosene, jet fuel 
Fatty acid methyl 
ester (FAME) or 
biodiesel, corn 
ethanol, sugar 
alcohol  
Bio oil, 
hydrotreating oil, 
lignocellulosic 
ethanol, butanol, 
mixed alcohols 
Problem  Depletion of 
petroleum reserve, 
environmental 
pollution, economic 
and ecological 
problems 
Limited feedstock 
(food vs fuel), 
blended partly with 
conventional fuel  
Still under 
development to 
reduce the cost 
(advance 
technology) 
Advantages  - Environmental 
friendly, economic 
and social security 
No food competition 
Environmentally 
friendly 
 
 
1.3 Recent robust technology in biodiesel catalysis  
. Catalysis is a vital technology in today’s world.. In reality, most of the industrial 
sectors are relying on the catalyst for their economic growth. The catalyst is the 
substance that alters the rate of a reaction without itself undergoing any permanent 
chemical change. The catalyst is not a new phenomenon, although its wide-scale 
application by mankind has only really begun in the last century.  
Nowadays, the term of catalyst encompasses both catalyst precursor and the 
catalytically active species. The catalyst precursor is a substance added to the reaction 
but may undergo loss of a ligand before it is available as catalytically active species. 
Some reactions are tending to internally catalyse (autocatalysis) during the reaction take 
places, where one of the products is able to catalyse the reaction itself.  
 
1.3.1 Homogeneous vs heterogeneous catalysis 
In Section 1.1.2, the undesirable homogeneous catalysts used in biodiesel have 
been discussed in detail. Although transesterification using a homogeneous alkali-
catalysed process gives high conversion levels of triglycerides to their corresponding 
13 
 
methyl esters in short times, the reaction has several drawbacks. Table 1.3 summaries 
the drawbacks of homogeneous catalysts and the advantages of heterogeneous 
catalysts. 
Table 1.3 Drawbacks of homogeneous catalysts and the advantages of heterogeneous 
catalysts. 
Drawbacks of homogeneous catalysts Advantage of heterogeneous     
catalysts 
Difficult to separate the catalysts from 
product 
Easily separated for recycling 
Technically difficult to recycle the catalyst Possible for reusability 
Catalyst needs to be removed or washed 
by a large amount of hot water 
Minimise the product separation and 
purification costs 
Produce large amount of industrial 
wastewater 
Economically viable to compete with 
commercial petro-base diesel fuel 
Homogeneous acid catalysts are 
corrosive to equipment 
Non-corrosive and non-toxic catalysts 
 
Owing to these disadvantages, research on the transesterification reaction using 
heterogeneous catalysts for biodiesel production has increased over the past decade16. 
Figure 1.7 summarises the classification of catalysts. Zhang et al.50 argued there is a 
considerable incentive for the substitution of the liquid base by the solid base for the 
following reasons: (a) energy intensive product/catalyst separation, (b) corrosiveness 
and (c) the costs associated with the disposal of spent or neutralised caustics. 
In other words, the use of heterogeneous catalysts allows an environmental 
friendly process to be used for biodiesel production. Furthermore, McNeff et al.51 agreed 
the use of heterogeneous catalysts could enable the design of an efficient, continuous 
process and improve the economics of biodiesel production. Furthermore, the use of 
heterogeneous catalysts will reduce the production of soaps through free fatty acid 
neutralisation as reported by Guo et al.52, which simplifies the post-treatment (i.e. 
separation and purification) processes. 
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Figure 1.7 Classification of catalysts adapted from  Chouhan and Sarma53, copyright 
2011 Elsevier (Appendix 6). 
 
Porosity and surface basicity are among important factors to be considered prior 
to selection of a good heterogeneous transesterification catalyst53. Additionally, base 
strength will determine the catalytic activity of a catalyst. According to Lee et al.16, solid 
base catalysts are preferable for the transesterification of high purity oil with low FFA as 
they are more active compared to solid acids. Numerous studies have been undertaken 
on heterogeneous biodiesel catalysts ranging from alkali metal oxides54,55, alkaline metal 
oxides56–60, mixed metal oxides61–64, transition metal oxides65–68, ion-exchange resins69–
71, sulphated oxides72,73, boron group74–76, carbon groups77–79 andenzymes80–82  
Waste material is another promising avenue in the solid heterogeneous catalyst. 
It has been claimed to be effective in transesterification reaction especially involving egg 
shells83,84, clams85 and cockle 86. While natural dolomite also has been adapted by in 
biodiesel reaction87.  
1.3.2 Heterogeneous solid acid catalysts 
A wide range of inorganic and polymeric solid acids are commercially available, 
however, their application for the transesterification of oils into biodiesel is less frequently 
explored, in part reflecting their lower activity compared with base-catalysed routes, in 
turn necessitating higher reaction temperatures to deliver suitable conversions. Solid 
acids have the advantage however over solid bases in that they are less sensitive to FFA 
contaminants than their solid base analogues and hence can operate with unrefined or 
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waste oil feedstocks containing FFA content30. Solid acids can either be used to remove 
fatty acid impurities by esterification as a pretreatment, or at higher temperatures, to 
simultaneously esterify FFA and transesterify major triglycerides components, without 
soap formation, and thus reduce the number of processing steps to biodiesel36–38. 
Solid acid catalysts have advantages over the solid base in term of them being 
less sensitive to FFA contaminants thus they can be operated in unrefined or waste oil 
feedstocks 88. Solid acids can also be used to remove impurities by pre-treatment of 
esterification88–90. 
Numerous studies have reported on solid acid catalysed biodiesel production 
using sulfated metal oxides (e.g.SO42−/ZnO91, SO42−/ZrO292,93,SO42−/Nb2O5 and 
SO42−/TiO294, H-form zeolites95, sulfonic ion-exchange resins96, sulfonic modified 
mesostructured silica97,98, sulfonated carbon-based catalyst 99, heteropolyacids (HPAs) 
100 and acidic ionic liquids (ILs)101,102. The results from recent publications on solid acid 
transesterification for biodiesel are summarised in Table 1.4. The ideal solid acid for 
esterification and transesterification should have a characteristic such as strong 
Brönsted and/or Lewis properties to promote biodiesel reaction with significant rates, 
unique porosity or textural properties to minimise diffusional problem between long chain 
molecules, and hydrophobic surfaces to promote absorption of oily hydrophobic species 
on catalyst surface 26,103,104. 
Table 1.4 Recent heterogeneous solid acid catalysts for biodiesel production. 
Catalysts Preparation 
method 
/remarks 
Oil sources and 
solvent used 
Conversion 
or yield 
obtained 
Ref 
Mixed oxide 
Fe2O3-MnO-SO42−/ZrO2 Impregnation 
reaction 
followed by 
calcination at 
600 °C for 3 h 
Waste cooking oil 
containing 17.5.% 
free fatty acids 
added to methanol 
and oil 
Yield of 
96.5 ± 0.02 
% 
92 
S2O82−/ZrO2–TiO2–
Fe3O4 
Co-ppt and 
impregnation 
methods 
Cottonseed oil with 
various volumes of 
methyl acetate 
98.5 % in 
Zr/Ti molar 
ratio of 3:1 
calcined at 
550 °C 
105 
WO3/ZrO2 Impregnation of 
Zr(OH)4 with an 
ammonium 
Soybean oil with 
4 wt% oleic acid, 
93 % conv. 106 
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metatungstate, 
WO3 is calcined 
at 800 °C 
oil and methanol 
ratio 1:9 
SO42−/SnO2, 
SO42−/SnO2-SiO2, 
SO42−/SnO2-Al2O3 
Impregnation 
method,  
calcined at 200, 
300, 400, 
500 °C 
Waste cooking oil 
in methanol  
Yield of 92.3 
% 
107 
Sulfonic acid 
Macroporous cation 
exchange resin 
Suspension 
polymerization 
method using 
styrene and 
diviniyl 
benzene 
10 wt% catalyst 
loading, 40 wt% 
methanol (mol ratio 
of meOH/FFAs   
= 10:1, acid value  
 =  64.9 mg KOH g−1) 
30 % and 50 
% CLD 
resins 
exhibited 
32.4 % and 
68.7 % FFA 
conv. 
96 
SO42-/ZrO2 Add NH3 
aqueous 
solution in 
ZrOCl2·8H2O 
up to pH 8.5. 
Oleic acid with 
methanol 
90 % conv. 108 
Carbon-mesoporous 
silica (CS) composite 
functionalized with 
sulfonic acid 
Carbonisation 
of sucrose 
impregnated 
in SBA-15 
mesoporous 
silica and its 
subsequent 
sulfonation 
Esterification of 
palmitic acid and 
methanol, palmitic  
acid and TE of 
soybean oil and 
methanol 
 
Esterification 
conv. = 98 
% 
TE yield: 99 
%: 
77 
Heteropoly acids and polyoxometalates aqueous 
PA/NaY (PA = organic 
phosphonic acid) 
Immersion 
method:50 % 
PA and NaY  
were added 
in 20 ml of 
water 
Free fatty oil oleic 
acid with ethanol 
77.62 % 
conversion 
109 
HPWO and CsHPWO 
supported on SiO2, 
MCM-41 and ZrO2 
 
sol-gel 
hydrothermal 
method and 
two-step 
Crude palm  oil is 
called palm fatty acid 
distillate or  
PFAD) 
Up to 92 % 
FAME 
110 
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impregnation 
method 
 
Zr supported HPA Suspension 
method  
Sunflower oil with 
methanol 
97 % 
conversion  
111 
*TE: transesterification, co-ppt: co-precipitation 
 
1.3.3 Heterogeneous solid base catalysts 
Solid base catalysts exhibit excellent activity for transesterification of triglycerides 
and would be the favoured choice for conversion of oils with low free fatty acid content. 
Numerous solid base catalysts have been explored for the transesterification of 
triglycerides, spanning oxides of group IIA elements; CaO84,112–114, Mg115–118, SrO119, 
BaO120, carbonates of group IA and IIA elements; CaCO3121, MgCO3122, SrCO3123,124, 
BaCO3123,transition metal oxides125,126, basic zeolites127–129, hydrotalcites62,130–133. Table 
1.5 tabulates the most recent heterogeneous solid base catalysts used in biodiesel 
synthesis.   
Table 1.5 Recent heterogeneous solid base catalytic transesterification reactions. 
Catalysts 
Preparation 
method  
Oil sources and 
solvent used 
Conversion or 
yield obtained 
Ref 
Mixed oxides 
Mg-Zn mixed 
oxides 
Co-ppt, 
impregnation and 
urea hydrolysis 
method 
Soybean oil in 
methanol  ratio 
12:1 to 24:1 
Yield: 
Mg3Zn1:90 % 
134 
CaFeAl co-ppt, calcined at 
750 °C for 3h 
Soybean oil in 
methanol ratio 6:1, 
9:1. 12:1 and 15:1 
Yield:  
90 % at 12:1 ratio 
135 
MgAl mixed 
oxide 
(Mg1Zn2Al1, 
Mg1Co2Al1, 
Mg3Al0.6Fe0.4 
and 
Mg3Al0.6La0.4 
Co-ppt, calcined at 
773K for 8h  
Soybean oil in 
methanol   
Yield: 
Mg1Zn2Al1: 64.7 
%, 
Mg1Co2Al1:66.4 
%, 
Mg3Al0.6Fe0.4:95.7 
% 
Mg3Al0.6La0.4:98.3 
% 
136 
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CaO–La2O3 co-ppt, calcined at 
800°C for 6 h 
Jatropha oil in 
methanol ratio 24:1 
Yield:  
86.51 % 
137 
Carbonates 
SrCO3 Modified sol–gel 
and co-ppt 
method. Calcined 
at 900 °C for 1 h 
Soybean oil in 
methanol (ratio 
12:1) 
Conversion:98 % 
138 
Ca(C3H7O3)2/
CaCO3 
Calcined CaCO3 
in a He at 900 °C 
for 1.5h  
Soybean oil, 
canola oil and 
sunflower oil in 
methanol ratio 30:1 
Yield: 
Soybean oil:75 % 
Sunflower oil:70 
%. Canola oil: 63 
% 
121 
Dolomites 
(CaMg(CO3)2) 
Calcined  between 
600–900 °C for 2 h 
Palm kernel oil 
(PKO) in methanol 
(ratio 30:1).  
Methyl ester 
content: > 98 % 
with calcined 
dolomite at 800 
°C 
 
139 
Transition metal oxides 
Ferric-
manganese 
doped 
tungstated/ 
Molybdenana
nanoparticle 
Impregnation 
reaction followed 
by calcination at 
600 ℃ for 3 h 
Waste cooking oil 
in methanol (ratio 
25:1)  
Yield: 
92.3 % ±1.12 
140 
Sr3Al2O6 Sol–gel method,      
calcined in air at 
900 °C 
Soybean oil in 
methanol (ratio 
25:1) 
Yield: 
95.7 ± 0.5 % 
124 
SrO, CaO, 
ZnO, TiO2 
and ZrO2 
Calcination of zinc 
hydroxide at 
800 °C for 5 h 
Rapeseed oil in 
methanol 
Yield: 
95 % at 250 °C 
141 
Tungsten 
zirconia (WZ) 
oxide 
Calcined at 800 °C 
for 3h  
Triacetin in 
methanol 
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Hydrotalcites @ LDH 
MgCaAl HT co-ppt, calcined at 
450 °C for 4 h 
Jatropha oil in 
methanol ratio 6:1 
Conversion: 
90% for 
Mg/Ca = 1 
143 
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CaAl HT co-ppt, calcined at 
550 °C for 5 h 
Soybean oil in 
methanol   
Yield:  
87.4 % 
130 
ZrZnAl HT co-ppt, calcined at 
140 °C and 200 °C 
Soybean oil in 
methanol   
Yield:  
91.71 %at 140 °C 
144 
Mg/Al–CO3 
HT 
urea 
method(urea/NO3− 
molar ratio of 3.0) 
calcined at 500 °C 
for 4 h 
Refined microalgae 
oil in methanol  
Conversion: 
90.3 % 
122 
Metallic 
(Fecralloy®) 
monoliths 
based on 
Mg–Al HT 
MM MgAl HT 
co-ppt, calcined at 
500 °C  
 
Free-alkali co-ppt, 
template with 
polystyrene 
Sunflower oil in 
methanol   
 
 
Triglycerides (C4-
C18)  
62–77 % oil 
conversion after 
10 h 
 
C4 TAG is 2–3 
times faster than 
that of the C18 
TAG 
145 
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Basic Zeolites 
Zeolite X and 
A from flyash 
Alkaline fusion 
method through 
ion exchange and 
calcined at 900 
(±10) °C for 2 h 
Refined mustard oil 
in methanol (ratio 
18:1).  
Conversion: 84.6 
% 
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Hierarchical 
ZSM-5(h-
ZSM-5) and 
Beta (h-Beta) 
zeolites 
functionalised 
zeolitic with 
organosilanes, 
calcined in air at 
550◦C for 5h 
Algae oil in 
methanol   
Yield/conversion 
value is not 
stated.  
A recovered 
production phase 
around 50 wt% 
129 
Zeolites of 
mordenite, 
beta and X 
Impregnation with 
sodium acetate 
then calcined at 
550 °C for 15 h 
Refined sunflower 
oil in methanol 
(ratio 6:1)  
Zeolite 3NazX 
FAME wt% : 95.1 
% 
147 
*TE: transesterification, co-ppt: co-precipitation method 
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1.4  Hydrotalcite: The uniqueness solid base catalyst 
1.4.1 Past and current perspectives of hydrotalcite 
Layered nanomaterial, as a new hybrid solid base catalyst, started to gain much 
attention due to their unique properties such as the ability to reconstruct the lamellar 
structure, provides a distinctive effect on catalyst architecture. The importance of this 
application has driven significant interest in layered materials. It has been scientifically 
and technologically proven important in many applications such as in environmental 
benign and energy application including in waste water treatment148,149, biomass 
conversion150–154, photocatalytic activities155–157,157,158 and much more. In conjunction with 
this positive trend, this sub-chapter intentionally reviews the literature available on the 
use of hydrotalcites as solid base catalysts in the production of biodiesel. 
Hydrotalcites (HTs) or layered double hydroxides (LDHs) (Figure 1.8) is an 
interesting class of layered nanomaterial which has been extensively explored in recent 
decades. The evolution of hydrotalcite begins in early 1842 (in Sweden) where it was 
first discovered as mineral-like talc which contains hydrocarbonates of Mg and Al159,160. 
Seventy-three years later, Prof. Manase determined the chemical formula of hydrotalcite 
(HT); [Mg6Al2 (CO3) (OH)16·4(H2O)] for the first time161. Two polytypes of hydrotalcite 
specifically rhombohedral and hexagonal symmetry were discovered in 1931162. Eleven 
years later, through a number of investigations, a double sheet structure in hydrotalcite 
phases was discovered159. Table 1.6 summaries the discoveries of hydrotalcite from the 
earlier years until now. 
Hydrotalcite-like compounds (HTLCs) started to be introduced in 1970 as a 
precursor to hydrogenation catalyst which later being patterned163. A decade has 
passed, and the role of HTLC as a basic catalyst has been expanded and tentatively 
endeavours in many solid bases reactions164. By looking at the trends in Table 1.6, it 
shows robust enhancement has been developed and achieved on hydrotalcite 
architecture.  
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Figure 1.8 Illustration of layered double hydroxides (LDHs) with the different M2+/M3+ 
ratio. 
 
Table 1.6 Past and recent evolution of layered double hydroxide catalysts. 
Year Material synthesised Remarks Ref 
1842 Mineral like talc 
(hydroxycarbonate of Mg and Al) 
First discovered in Sweden 160 
1915 Mg6Al2 (CO3) (OH)16·4(H2O) First HTs formula discovered  161 
1942 HTs like structure Introduced double sheet 
structure 
159 
1970 First German patent on HTLC Precursor in hydrogenation 
catalysts 
165 
1971 [Mg1- xAlx(OH)2] x+ [Ax/22-.mH2O]x-, 
where A2- is SO4- or CrO42- 
Solid acid and base catalysts 163 
1990 Novel heterogeneous catalyst Solid bases catalyst 166 
 Patent on synthetic hydrotalcite Heating from 500-900 °C to 
form activated magnesia 
167 
2000 Mg–Al–O–t-Bu hydrotalcite Novel hydrotalcite used in 
transesterification reaction 
168 
2005 MgAl HYDROTALCITE  Novel alkali-free co-
precipitation (ppt) route 
131 
 
2006 
 
2012  
2015      
Calcined MgAl HT  
 
Macroporous-mesoporous MgAl 
HT 
HTs coated MM-SBA-15  
Transesterification of 
soybean oil & cottonseed oil 
Alkali-free co-ppt method  
Stepwise growth of conformal 
alumina 
169,170 
 
133 
171 
2016 Pt/Mg(Sn)(Al)O/Al2O3 Pt and Sn induced in LDH  172 
 
M2+                     M(II M3+ C                 O                   H                                                         
22 
 
Nowadays, HTs have engendered much attention as solid bases due to these four 
factors: 
(i) Possessing a good anion-exchange capability which can be used as ion-
exchangers173, absorbent174 or in sensor applications175. 
(ii) HTs have great basic properties which are suitable not only to be applied 
in transesterification reaction but also in aldol-condensation, 
Knoevenagel condensation, Claisen-Schmidt condensation, Micheal 
addition and alkylation176. 
(iii) Tunable base strength for the transesterification reaction leading to 
convenience preparation of bivalent (Ni, Cu, Co) and trivalent (Fe, Cr) 
cations177. 
(iv) Ability to reconstruct the lamellar structure through calcined rehydration 
hydrotalcite which then allows co-operating with any kind anions177. 
 
The hydrotalcite (HT) family is one class of solid base catalyst which has 
attracted much attention in a solid base catalysed biodiesel production due to it 
possessing good anion-exchange properties173,176 and tuneable base strength for the 
transesterification reaction16.   
1.4.2 Structural and physicochemical properties of 
hydrotalcites  
Hydrotalcite-like compounds are a family of anionic clays which are also known 
as layered double hydroxides178. They are represented by the general formula M2+1-
xM3+x(OH)2An−x/n-yH2O where M2+ are divalent anions (e.g., Mg2+,Zn2+, 
Mn2+,Ni2+,Co2+,Fe2+), M3+ are trivalent metal ions (e.g., Al3+,Cr3+,Fe3+,Co3+,Ga3+) and An- 
is the interlayer anion179,180.  
Tuning HTs morphology is feasible and becomes fascinating as it can be 
modified in a range of ways. HTs can be distinguished in three different morphologies; 
as-synthesized, calcined and reconstructed (Figure 1.9). As-synthesized hydrotalcite, 
also known as fresh hydrotalcite normally obtained from the variation of synthesis 
methods which will be discussed in Section 1.4.3. Commonly synthesised HT is Mg-Al 
compound which has of CO32- group in the interlayer.  
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Figure 1.9 Effect of calcination and rehydration on layered double hydroxide. 
 
Calcination at a certain temperature will significantly enhance the surface area 
due to the MgAl HT morphology converting to MgO or Mg(Al)O mixed oxide with a higher 
surface area, and well dispersed mixed oxides. Xie et al.,181 reported calcination of MgAl 
HT at high temperature (773 K) produced the significant catalytic activities in the 
transesterification of soybean oil (66 % conversion) while calcination beyond that 
resulted in lower basicity due to the formation of spinel phase.Through rehydration with 
suitable anions with water, the interlayer of OH- will be reconstructed. This unique 
characteristic is known as the retro-topotactical effect or as commonly called a ‘Memory 
Effect’, which means HT interlayer is regained through the calcination-rehydration 
process182. Nishimura et.al179 observed that reconstructed HT has a higher Brönsted 
basicity due to the high-density of OH- anions compared to CO32- ions in as-synthesized 
HT.  The easily tailored properties, made possible with economical reagents, marks HTs 
with special merit, giving rise to the potential for exploitation in many technological 
applications.  
 
 
M2+          M3+ C      O        H                                                       
Calcination 
Interlayer collapsed 
and formed mixed oxide
Reconstruction/ 
rehydration
‘Memory-effect’
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1.4.3 LDH synthesis routes  
There are various ways to prepare HTs which are presented in Table 1.7. Among 
all, co-precipitation (co-ppt) is the most commonly used method. Co-ppt can be 
performed by three different methods; titration, precipitation at low supersaturation 
and/or precipitation at higher supersaturation160,164,182. The most common and least 
expensive method is co-precipitation with the base such as, NaOH and/or NaHCO3. This 
method is somewhat is not advisable because it is believed to be difficult to precipitate 
pure HTs as they tend to precipitate divalent and trivalent cation at lower pH (Mg2+/Al3+ 
at pH 7.7-8.5 while AlOH3 at pH 4-4.5)160. In addition, it is reported precipitation method 
using NaOH contributed to leaching due to entrained of sodium ion or sodium salts in 
LDH183.    
Table 1.7 Common methods of hydrotalcite synthesis. 
Techniques apply Advantages Disadvantages Ref 
Co-precipitation 
• Precipitate at 
variable or constant 
pH 
• At high or low 
supersaturation 
• Most common method 
• Inexpensive, simple 
and no specific 
apparatus required 
• Careful control of the 
charge density 
(M2+/M3+ ratio) by 
regulating the solution 
pH 
• Small amounts 
of carbonates 
are always 
present  
• Homogeneous 
of pH during 
precipitation 
process Wide 
distribution of 
crystallite and 
particle sizes 
157,179 
Urea hydrolysis 
• Utilises urea as its 
precipitating agent 
• Progresses slowly, 
leads to a low degree 
of supersaturation 
during precipitation.  
• More homogeneous 
nucleation and growth 
compared to co-ppt 
method 
• No intense washing 
needed  
• Not suitable for 
the preparation 
of LDHs with 
low charge 
density 
 
184 
Sol-gel method 
• The reaction 
between monomers 
(Al-tri-sec-butoxide) 
into a colloidal 
solution of MgAl 
• HT exhibits higher 
thermal stability than 
co-ppt  
• Higher surface area 
than co-ppt method 
• Catalyst tends 
to deactivate 
after few 
cycles.  
185 
25 
 
(sol). Sample 
allowed to gelling 
through precipitation  
Ion-exchange method 
• Modification from 
poly (ethylene 
terephthalate) / 
aspartic acid on LDH 
• Useful for the 
preparation of 
noncarbonated LDHs. 
• Good dispersion 
morphology  
• Rapid 
saturation 
occurred  
186 
Hydrothermal on alkali source 
• Combination of co-
ppt and followed by 
hydrothermal ageing 
treatment  
• Then only undergone 
thermal treatment  
• Faster nucleation and 
uniform growth  
• Large particle size 
could be obtaining (50-
300 nm) 
• High surface area (up 
to 300 m2/g) 
• Promising 
entrained of 
sodium into  
the LDH 
framework 
179 
Alkali-free and hydrothermal reconstruction 
• Alkali-free co ppt 
method  
• Calcine at desired 
temperature 
(depending on 
decarbonation of 
catalyst 
• Rehydrate/reconstruc
t under hydrothermal 
conditions  
• No sources of alkali 
involved in the 
synthesis 
• Leaching of basic 
species is avoidable  
• Versatile, easy and 
environmental-friendly 
approach 
• Serves high surface 
area via hydrothermal 
reconstruction/rehydrat
ion  
• - Time-
consuming to 
prepare the 
catalysts 
Our 
study  
 
1.4.3.1 Entrained sodium in LDHs 
In particular, the use of alkali as precipitating agents in the co-precipitation 
method is problematic especially during transesterification, due to the possibility of Na+ 
contamination -in the hydrotalcite lattice as NaOH can act as base catalysts. The NaOH 
from the lattice can leach out under reaction conditions. This makes hydrotalcite 
synthesis through alkali co-precipitation route more active and makes it difficult to 
determine the true activity of the homogeneous catalyst.  
A previous study187 proved addition of alkali in LDH precursor synthesis lowering 
down the surface area compared to alkali-free LDH, consequently reducing the rate of 
reaction. Addition of alkali during the synthesis of hydrotalcite results in high levels of 
residual alkali metal ions, which later requires an extensive of washing and also 
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contributes to leach of basicity. Finally, it will affect the catalysis performance, especially 
in the transesterification reaction.  
Hence, promoting alkali-free synthesis of HT  is crucial steps for 
transesterification reaction. Further, existing chemistries employed in the synthesis of 
HTs have significant environmental drawbacks and we aim to overcome these issues by 
following the principles of green chemistry188 (Scheme 1.1).  
Among the related principles that we want to achieve are: 
1) Waste prevention 
-Prioritise the prevention of waste rather than cleaning up and treating waste after 
it been created.  
2) Design less hazardous chemical synthesis  
- By designing a safer route of synthesis including the potential hazards towards 
human health and environment  
3) Catalysis  
-Use catalyst instead of stoichiometric reaction to enhance selectivity, minimise 
waste and safer energy.  
 
Scheme 1.1 Twelve principles of Green Chemistry introduced by Paul Anastas in 
1998188. 
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1.4.3.2 The x ratio of synthesise hydrotalcite 
It has been reported elsewhere, in order to obtain a pure hydrotalcite, the x ratio 
(Al3+/ Al3+ + M2+) must be in the range of 0.2<x< 0.33160.  If the value is outside the limits, 
the metal hydroxides could be formed. Below 0.20, normally divalent metal hydroxides 
will be formed and when x higher than 0.33, amorphous trivalent metal hydroxides (i.e 
Al(OH)3) tend to form189. Contrary to that, lowering the x value under 0.2 will increase the 
metal density (such as Mg2+ or Zn2+ octahedral sites) in brucite layer hence, forming metal 
hydroxide such as Mg(OH)2.  
Several papers reported LDH can be prepared outside the range of 0.22<x<0.33. 
Cantrell et al.131, for example, have reported MgAl LDHs were prepared between a range 
of 0.25<x<0.55. They have reported a similar conclusion as above; x value outside the 
limits of 0.25<x<0.44 were formed Mg(OH)2 and Al(OH)3. ZnNiFe-LDH has been 
prepared by Touahra et al.189 in the range of 0.2<x<0.66. Above 0.5 to 0.66, they noticed 
the formation of NiFe2O4. Some of the reports are tabulated in Table 1.8.  In conjunction 
with that, to obtain a pure hydrotalcite, a certain pH has been suggested as listed below. 
This pH is subjected to change depending on the metal cation used in the synthesis 
process. For example, MgAl HT is favourable to be synthesised at pH 8.5, pH 9.5 in NiAl 
HT, meanwhile ZnAl HT favours at pH 9-10. 
Table 1.8 The range optimum value of x for obtaining pure HT. 
pH prepared Results finding References 
Lower pH (8 and lower) 
• No HT formed, complex 
pathway, not completed 
• Metal hydroxide 
impurities will be formed 
160,182,190 
Suggested pH 
• A pH range of 8.5–10 
can be used to prepare 
most anionic clays 
Higher pH 
• At pH 11: Unexpected 
peaks associated to Al 
(OH)3 and sodium nitrate 
• At pH 13-14: mixed 
oxide will be formed 
                                 
1.4.3.3 Hydrotalcite Reconstruction System  
The structure of hydrotalcite formed by rehydration of mixed metal oxide is 
affected by the rehydration conditions, such as the M2+/Al3+ ratio and pH, parent’s HTs 
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calcination temperature and the stirring speed191–193. Valente et al.194 have reported that 
the calcination-rehydration process played enormous roles in changes of morphology, 
crystallinity and particles size in MgAl hydrotalcite.Traditionally, there are two rehydration 
techniques applied to hydrotalcites: gas-phase and liquid-phase191. In gas-phase, 
calcined catalysts were rehydrated by exposing them under N2 or argon passed through 
a water bubbler. Meanwhile, in the liquid-phase method, samples were treated in 
decarbonated water at room temperature for at least 5 h. Abello et al.174 have reported 
liquid-phase rehydration promised a better physicochemical and catalytic performance 
compared to gas-phase. Liquid-phase rehydration leads to increased surface area of the 
LDH up to 270 m2/g and also materials that exhibited higher basicity, the latter enhancing 
the catalytic activity in aldol condensation. Somehow, these methods have their own 
drawbacks where there is a tendency to produce an incomplete reconstruction of the 
lamellar structure195. Generally, successful reconstruction depends on several conditions 
such as: 
i) Nature of the cation involved; reconstruction becomes more difficult if 
more than two cations involved. For example, the addition of Ni2+ on MgAl 
compounds deficit the ability of metal oxide to be severe covered under 
rehydration. Reconstruction becomes challenging if larger cationic atom 
involved  (e.g. Zn2+ is harder to reconstruct compare to Mg2+). 
ii) Temperature, time and ramping rate of the parent calcination.  
iii) Rehydration techniques (e.g. gas-phase, liquid-phase, microwave 
assisted or hydrothermal). NiAl LDH has been reported managed to be 
reconstructed by microwave assisted but not through non-assisted gas-
phase or liquid-phase192.  
iv) Length and temperature of rehydration process.  
 
Recently, hydrothermal treatment has been adapted in hydrotalcite synthesis and 
results revealed a desirably greater surface area (up to 340 m2/g) with narrow pore size 
distribution196 and higher crystallinity195–197. Apart than that, particle size, morphology and 
consistency of composition also are feasible and easy to adjust in hydrothermal 
synthesis method195. Yet no study has been done on the hydrothermal reconstruction of 
alkali-free LDH, thus extended knowledge on this approach is essentially required. 
   1.4.4 Catalytic activity of LDH 
It is reported elsewhere, as-synthesised LDH materials are less catalytically 
active in transesterification reactions compared to calcined and rehydrated LDH164. . 
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Nevertheless, as-synthesised catalysts are found to be active in some reactions 
particularly in Micheal addition168 and isomerisation of alkenes198,199. Recently, as-
synthesised CoMgAl has been adapted in selective oxidation of benzyl alcohol to 
benzaldehyde200. The addition of Mg2+ into the system has enhanced the catalytic 
performance. Calcined MgAl HTs found not only to be active in transesterification201,202 
but also in aldol condensation203,204, Knoevenagel condensation205,206, esterification 
reaction207–209 and Cannizzaro reaction210  Reconstructed hydrotalcite also exhibits 
superior catalytic performance in transesterification reactions122 and base-catalysed 
reaction such as aldol condensation211 compared to parent HTs.  
MgAl HTs have been applied for TAG transesterification of poor and high-quality 
oil feeds. The alkali-free route has been applied to prepare HTs which employ NH3OH 
and NH3CO3 solutions for the precipitation, thereby overcoming leaching issues related 
to residual Na and K131. Increasing Mg:Al ratio is found to increase the surface charge in 
the layers, which correlates with base strength and rate of C4 transesterification131 
(Figure 1.10).  
 
Figure 1.10 Impact of MgAl HT surface basicity on their activity towards tributyrin 
transesterification. Adapted from Cantrell et al.131 with permission from Elsevier 
(Appendix 7). 
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1.5 Hierarchical mesoporous-macroporous LDH 
materials 
Formation of hierarchical macroporous-mesoporous support materials has started 
to gain attention recently. Previously, the hierarchical macroporous-mesoporous silica 
SBA-15 has been developed in order to promote better diffusion in bulk and viscous C16-
C18 TAGs and to boost up their catalytic performance212. SBA-15 has been synthesised 
by a dual-templating hierarchical method using a soft liquid crystalline surfactant and 
hard polystyrene nano sphere template (Figure 1.11). The resulting sulfonic acid 
derivatised bi-modal PrSO3H-MM-SBA-15 material is a macroporous-mesoporous 
hierarchical catalyst offering high surface area and increased rate of reaction of both 
esterification and transesterification212.  
 
Figure 1.11 Dual templating route towards hierarchical macroporous-mesoporous silica. 
Adapted from Lee et al.16 with permission from Elsevier (Appendix 8). 
 
The increased activity of PrSO3H-MM-SBA-15 is attributed to a higher 
accessibility of sulfonic group towards mesopores as macropores act as rapid transport 
conduits to the active sites and hence increase the mass transport in both 
transesterifications of tricaprylin and esterification of palmitic acid212. This fascinating 
synthesis method also has successfully used to form highly structured macroporous-
mesoporous alumina213 with mesopores diameter of 200-500 nm and 5-20 nm 
respectively. This will tremendously lessen the difusion problem in bulky oil.  
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The bulky nature of oil triglycerides causes serious mass-transport limitations 
and poor accessibility of base sites in bulk hydrotalcite. Woodford et al.133 addressed this 
issue through the synthesis of Mg-Al macroporous-mesoporous hydrotalcite (MM-HT). 
The catalysts were prepared via an alkali-free method, in which size controlled 
polystyrene nano spheres were used as a physical template to introduce macropores. 
MM-HT was found to exhibit a 10-fold enhancement in the transesterification of long-
chain triglycerides (C12 and C18) when compared to conventional HT (Figure 1.12), which 
was attributed to increased accessibility of the base sites in macropores.  
 
 
Figure 1.12 Nano-engineered macroporous MgAl hydrotalcite impact on surface basicity 
on their activity towards tributyrin transesterification with scheme showing macroporous 
features. Adapted from Woodford et al.133 with permission from The Royal Society of 
Chemistry (Appendix 9). 
 
Shorter chain C4 triglycerides showed less accessibility problem due to the 
smaller size and better diffusion of this reactant. It was interesting to note that in both 
cases (low or bulkier triglycerides) spiking the reaction with glycerol has a significant 
detrimental impact on reaction rate, suggesting strongly bound glycerol may be 
implicated in catalyst deactivation.  
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1.6 Other heterogeneous solid base catalyst (Dolomite 
and NanoMgo) 
Dolomite is a naturally abundant material, used widely for construction 
applications, which comprises Mg(CO3)-Ca(CO3) layers in an arrangement very similar 
to calcite (CaCO3) and is an interesting precursor to generate solid base catalysts. As in 
carbonate form, dolomite is relatively inactive, however, upon calcination dolomite forms 
an intermixed MgO-CaO composite which shows excellent activity for biodiesel 
production. A study of transesterification reactivity using short and long chains over 
dolomite catalyst has been established by Wilson et al.87 (Figure 1.13).  
.  
Figure 1.7 (Top) SEM of fresh and 900 °C calcined dolomite with scheme showing 
corresponding structures. (Bottom) The catalytic activity of calcined dolomite for the 
transesterification of short and long chain TAGs with methanol benchmarked against 
literature solid acid and base catalysts. Reproduced from Wilson et al.87 with permission 
from The Royal Society of Chemistry (Appendix 10). 
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This research demonstrated that uncalcined dolomite was inactive for 
transesterification, due to a lack of base sites as proven by CO2-TPD87. After calcination 
at 900 °C, dolomite exhibited remarkable activity in the transesterification of C4-C8 as 
well as in higher bulkier triglycerides (C16-C18).  Exceptional consequences also have 
been obtained in the transesterification of olive oil where promising outstanding 
conversion of more than 90 % within 3 h reaction is observed87. 
 NanoMgO is another interesting solid base catalyst for transesterification that 
has also attracted much interest. Montero et al.214 successfully employed NanoMgO for 
the transesterification of tributyrin with methanol (Figure 1.14), producing conversions 
between 60 and 80 % after 24 h.  
 
Figure 1.8 (Top) Fresh NanoMgO TEM images showing well-defined 3 nm cubic (100) 
oriented NanoMgO in an amorphous matrix. Following 500 °C annealing, these are 
converted into ~13 nm. (Bottom) The relationship between NanoMgO particle size and 
surface polarisability (Ek) and Auger parameter (left) and the surface area normalised 
by turnover frequency for transesterification reaction (right). Adapted from Montero et 
al.214 and Montero et al.215 with permission from Elsevier and The Royal Society of 
Chemistry accordingly (Appendix 11a-b). 
In their study (Montero et al.214), NanoMgO were synthesised through a sol-gel 
method using supercritical drying to form a precursor with ~3 nm cubic MgO 
nanocrystals. Results have demonstrated the catalytic activity of calcined NanoMgO in 
transesterification is depending on size evolution of surface electronic structure where in 
this case (110) and (111) facet is much more active in tributyrin reaction. TEM and XPS 
both have proven MgO with low coordination surface attributes more activity in mild 
transesterification reaction of tributyrin215.  
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1.7 Research objectives 
The principle aims of these investigations are: 
(i)  To synthesise and characterise solid base ZnAl LDH prepared via the alkali-free 
method and its reconstruction under hydrothermal condition. The major question 
concerns whether hydrothermal reconstruction method is better to compare to 
gas-phase and liquid-phase rehydration approaches in term of its structural 
physiochemical properties and towards catalytic performance in the 
transesterification reaction.  
 (ii)  To synthesise, characterise and evaluate alkali-free NiAl LDH prepared by the 
similar method as mentioned in Objective (i). Catalyst will be examined in a 
similar reaction as above.  
(iii)  To prepare and compare macroporous LDH (MacroLDH) mainly MgAl LDH, ZnAl 
LDH with conventional MgAl and ZnAl LDH. A further understanding of its 
reactivity to overcome mass-transform limitation will be gained from this study.  
(iv)  To characterise and compare of solid base heterogeneous catalyst (Dolomite and 
NanoMgO) catalysts for simultaneous transesterification reactions in triglycerides 
model compound. 
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2.1  Catalyst preparation  
In this chapter, the methods used to prepare solid base hydrotalcite, its 
characterisation and catalytic reactions involved will be described.  
2.1.1 Hydrotalcite synthesis 
Novel metal hydrotalcites have been prepared via the alkali-free method adapted 
from Cantrell and co-workers1 except the element ratio of metal was altered; Zn, Ni and 
Mg to Al were changed to 4:1, 3:1, 2:1 and 1.5:1. MgAl hydrotalcites (HTs) have been 
prepared as a benchmark catalyst. Metal nitrate hexahydrate ((M(NO3)2·6H2O) where M 
= Zn, Ni and Mg) aqueous solution (x cm3 1.5 M) and aluminum nitrate nonahydrate 
(Al(NO3)3·9H2O) aqueous solution (y cm3, 1.5 M) were mixed together so that x + y = 100 
cm3. Ammonium carbonate is used as the alkali-free precipitating agent. The mixed metal 
nitrate solutions are added dropwise (1 ml min-1) simultaneously with ammonium 
carbonate (2 M, 100 cm3) using an automated pump syringe into a Radley reactor 
(Figure 2.1). 
 
Figure 2.1 Preparation one of the hydrotalcite catalyst in a large Radley reactor. Left: 
Preparation of ZnAl HTH; Right: Preparation of NiAl HTH. MgAl LDH was prepared using 
the same manners. 
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Ammonia solution was added in order to keep the pH constant for each synthesis 
involved; pH 9-10 for Zn, 9.5 for Ni and 8.5 for Mg. After the precursor addition was 
completed and the mixture was aged at 65 ºC for overnight. The precipitate was isolated 
by filtration and washed several times until neutral pH 7 is obtained. The powder was 
then calcined over different temperature ranges 300 - 500 ºC for 5 hours under O
2 
(20 
mL min
-1
), at a ramp rate of 1 ºC min
-1
. The calcined hydrotalcites were cooled and 
rehydrated under flowing water based on different methods as described in Section 
2.1.1.2. Different approaches have been tried to ensure pure hydrotalcites has been 
synthesised.  
2.1.1.1 Calcination  of hydrotalcites 
Hydrotalcite samples have been calcined at different temperatures according to 
their metal precursor which the decomposition temperature has been determined by 
TGA. ZnAl LDH has been calcined at 300 °C, NiAl LDH was calcined at 350 °C and MgAl 
LDH at 450 °C.  
2.1.1.2 Rehydration of hydrotalcites 
In order to determine the best rehydration method for hydrotalcite, samples have 
been rehydrated through three different ways; gas-phase (GP), liquid-phase (LP) and 
hydrothermal (HTM) method. 
a) Gas-phase  
In gas-phase, the calcined samples (300-500 °C) were rehydrated following 
Woodford’s2 method with some modification. Samples were rehydrated under nitrogen 
saturated with water at 30 ml / min
-1 
for 48 hours, before being stored in a desiccator and 
subsequently subject to characterisation analysis.  
b) Liquid-phase method  
In a round bottom flask, the calcined sample was immersed in deionised water 
at room temperature overnight. The sample then was centrifuged, isolated by filtration 
and placed in drying oven at 80 °C.  
c) Hydrothermal method 
The calcined catalyst was stirred in a beaker until it has dispersed completely in 
water and then placed in a hydrothermal flask at 110 and 150 °C overnight. The sample 
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then was centrifuged, isolated by filtration and washed with deionised water before dried 
in an oven at 80 ºC.   
2.1.2 Polystyrene beads synthesis for macroporous LDH 
Polystyrene beads were prepared using emulsifier-free emulsion polymerisation 
method following Vaudreuil et al.3. 0.35 g of potassium persulfate was dissolved in 20 ml 
distilled water at 80 °C. In a round bottom flask, 1500 ml water was purged under N2 
overnight. In the mean time styrene (140 ml) and divinyl benzene (27 ml) were washed 
with sodium hydroxide: water (0.1 M, 1:1 ratio) followed by three more times washing 
with distilled water in order to remove polymerization inhibitors. The styrene and divinyl 
benzene were then added to the round-bottom flask with water followed by dropwise 
addition of potassium persulfate solution. The mixture was left for overnight under 
stirring. The sample was isolated by filtration and washed with deionized water and 
ethanol prior to dry in the oven at 70 °C.  
2.1.3 Macroporous hydrotalcite synthesis 
Macroporous hydrotalcite (MacroLDH) (Mg/Al, Ni/Al and Zn/Al LDH) were 
prepared according to the method of Géraud et al.4 and Woodford et al.2 method’s with 
modification on rehydration via gas-phase, liquid-phase and hydrothermal methods. In 
this study, we synthesised alkali-free MacroNiAl LDH and MacroZnAl LDH for the first 
time and to be compared with MacroMgAl LDH. 1 M M2+ salts (Mg2+, Ni2+  and Zn2+) and 
1 M Al3+ salts were both dissolved in 100 ml deionised water prior to preparation of ratio 
4:1. 2 M ammonium carbonate was prepared by dissolved in 100 ml deionised water as 
alkali-free precipitating agent. In a four-neck round bottom flask, 6 g of polystyrene beads 
were immersed in ethanol: water (1:1) solution with stirring at 65 °C (Figure 2.2). The 
M2+: Al3+ and ammonium carbonate solution were added dropwise using an automated 
pump (1 ml/min). The mixture was maintained at the desired pH as mentioned above 
with the addition of ammonium hydroxide solution. The mixture was aged at 65 °C 
overnight followed by filtration and washed with deionised water until pH drops to 7. The 
samples were calcined according to their calcination temperature as mentioned before. 
Rehydration was undertaken following hydrothermal method. 
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Figure 2.2 Preparation one of macroporous hydrotalcite catalyst in four-neck round-
bottom flask. 
 
2.1.4 Commercial catalysts: Dolomite and NanoMgO 
In Chapter 6, three commercial catalysts have been used in this study; 
commercial dolomite, ex-gasifier dolomite (both obtained from EBRI pyroformer reactor, 
one was fresh and later obtained from the waste collector) and NanoMgO (99.6 %, 
Nanoactive Magnesium Oxide Plus, NanoScale Corporation). Samples were calcined at 
the desired temperature (900 °C for dolomite and 500 °C for Nano MgO) at 5 °C min-1 
under Helium flow of 10 ml/min-1.  
2.2 Characterisation methods 
This section will be describing the main techniques engaging in characterising 
layered double hydroxides and the commercial catalysts. In each technique, the basic 
concepts on how the instruments works, how the samples are prepared and how 
samples analysed are thoroughly discussed.  
2.2.1 Powder X-ray diffraction 
Bruker D8 Advance Powder X-Ray Diffraction (PXRD) fitted with LYNX eye high-
speed detector has been used to measure the crystal structure of powder or thin film 
materials. The wide-angle patterns were recorded over a range of 2θ = 5 - 80 °C (step 
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size 0.02° with scan speed 0.020° s-1). Typically, Cu Kα X-ray photons radiation (0.1541 
nm) is used in XRD due to it is more intense compared to Co and give better resolution.  
In this study, PXRD is a convenient technique to examine the layered ordering of 
HTs. Crystallite information such as ordered or less ordered layers, unit-cell dimension, 
and basal spacing of the layers are among the valuable information that can be obtained 
from PXRD5. PXRD helps to confirm the formation of hydrotalcite with all known 
characteristic peaks. 
X-ray beams are passing through an evacuated tube similar to cathode ray tube 
(Figure 2.3). Simultaneously, the tungsten filament will heat up by current and releases 
electrons. The electrons are accelerating by a high voltage and hit a copper target hence 
generates the copper x-rays. The x-ray emitted and an incident radiation occurs upon 
interacts with solid.  The beams passed through a slit that determines the width of the 
angular beam.  A wider slit will give a strong energy and wider peaks but smaller slit will 
give a less energy with better resolution.  
Figure 2.3 Schematic presentation of X-ray tube (above) and simplified incident and 
reflection in a solid and its relation to a lattice spacing d. The image was obtained from 
Krumeick6. 
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 X-ray at angle theta is diffracted from internal crystal plane separated by a 
distance. The diffraction is equalised with the distance of constructive interference which 
produces a set of refraction angles or distance known as spacing, d.  This angle depends 
on two factors; the wavelength of the X-ray source and the distance between lattice 
planes, as given by the Bragg’s equation in Equation 2.1. 
nλ= 2dsin θ      -------------------    Equation 2.1 
where n = order of the interference (integer), λ = the wavelength of the incident X-rays, 
d = distance between two lattice planes and θ =diffraction angle between the incident X-
ray and the reflective lattice plane.  
In term of the prepared samples, it is important to have well-defined 
polycrystalline materials which the particle size should not exceed 45 microns. The 
sample should be enough to be packed on a sample holder so that when a beam hits at 
a particular angle, the Bragg equation is satisfied and good diffraction patterns appeared.  
The sample has been analysed using Diffrac. Eva license software, Copyright© Bruker 
AXS Version 3.0.  
The XRD pattern of a typical hydrotalcite is definite and the example of diffraction 
patterns can be seen in Figure 2.4. The intense peaks basal plane at d(003) indicates 
the formation of a well-structured crystalline arrangement, attributed to the formation of 
a 3-dimensional sheet of hydrotalcite7.  
 
 
Figure 2.4 The diffraction pattern of hydrotalcite material10. 
 
The reflection of d(110) has been indexed with respect to lattice parameter a,  
related to the unit cell, can be calculated by using Equation 2.29. Parameter a also 
indicates the average cation-cation distance in the layers11.   
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                           a = 2d110 ------------------- Equation 2.2 
The lattice parameter c which relates to the thickness of a unit cell11 and can be 
calculated by using d(003), d(006\0 and d(009)9 in Equation 2.3. The thickness of the 
brucite layer is normally controlled by the size and orientation of interlayer anions12. 
c = d003+2d006+3d009 ------------------- Equation 2.3 
The Scherrer Equation is used to determine the particle size of crystals in the 
form of powder as can be seen in Equation 2.4.  
PSav =   
𝑘𝜆
√(𝛽2 + 𝑆2) cos 𝜃
   ------------------- Equation 2.4 
where PSav = average particle size (Å), k = dimension of shape factor, value is 0.9 
(constant), ƛ is wavelength of X-ray (0.154 nm), β = Full Width at Half Maximum (FHWM) 
of diffraction peak, S= 0.15 (systematic broadening caused by diffractometer) and θ is 
diffraction of Bragg angle (in °)13.   
2.2.2 Nitrogen adsorption 
N2 porosimetry was undertaken on a Quantachrome Instrument Nova 4200e to 
determine surface area, pore size diameter, and pore volume14.  The surface area and 
pore size analysis by gas adsorption were achieved by preparing the sample in the glass 
cell tube and heating under vacuum (degassing)15. Samples were degassed using an 
inert gas at 120 °C for 3 h or longer (for macroporous) to remove moisture and other 
contaminants16. Adsorption/desorption isotherms were recorded at -196 °C (77 K). The 
actual measurement begins by exposing the samples to a very low pressure of 
‘adsorptive’ gas. Figure 2.5 demonstrates the gas sorption process that occurs in four 
stages. 
The amount of gas absorbed at the surfaces are correlated with the pressure of 
gas rises. As the small amount of the gas (adsorbate) is stick to the surface of the solid 
(adsorbent), a thin layer or monolayer is formed which is later been used to calculate the 
Brunauer, Emmett, and Teller (BET) surface area (Equation 2.5). Additional molecules 
will absorb on the monolayer to form a multilayer. As the pressure of the gas is further 
increased, mesopore filling begins, which is often referred to ‘capillary condensation’. 
Once the equilibrium adsorbate approaches saturation, the pores become completely 
filled with adsorbate. 
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Figure 2.5 The gas sorption process that occurs in four stages before 100 % saturation 
on pore. Retrieved from  http://www.quantachrome.com/gassorption/nova_series.html 
16 (accessed Sep 23, 2014).  
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𝑃
𝑉𝑎 (𝑃𝜊−𝑃)
=
1
𝑉𝑚𝐶
+  
𝐶−1
𝑉𝑚𝐶 
 (
𝑃
𝑃𝜊
)----- Equation 2.5  
 
𝑉𝑚 =  
1
𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 
𝐶 =  (
𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡
𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
) + 1  
𝑆𝑎 =  
𝑉𝑚𝜎𝑁𝑎
𝑚𝑣
     --------- Equation 2.6 
where P = pressure, Po = saturation pressure, Va = volume absorbed, Vm = monolayer 
volume, C = multilayer adsorption parameter, Sa = surface area, σ = N2 area (0.162 nm2), 
Na = Avogadro number, m = sample mass, v = gas molar volume.  
On the other hand, Barrett, Joyner, Halenda (BJH) surface area is calculated 
from Kelvin equation (Equation 2.7). This equation foresees the pressure at which the 
adsorbate will spontaneously evaporate for a given pore diameter. The equation is as 
follow:  
ln (
𝑃
𝑃0
) =  − (
2𝛾ʋcosθ
𝑅𝑇𝑟𝑚
)------- Equation 2.7 
where P/Po relative pressure of vapor in equilibrium with condensed gas meniscus; 𝛾 = 
liquid surface tension; ʋ = condense adsorbate molar volume; cos θ=adsorbate surface 
contact angle (0 for N2 thus cosθ = 1), R = gas constant; T = temperature and 𝑟𝑚 = mean 
radius of condensed gas meniscus.  
After 30 years, IUPAC has recently reviewed and renewed the IUPAC manual 
on the evaluation of surface area and pore size distribution15. In Figure 2.6, the eight 
new IUPAC classifications of sorption and six hysteresis loops are represented instead 
of six sorptions and four hysteresis loops17 that have been used all these while. Detailed 
explanation about adsorption-desorption isotherms can be found in Thommes et al.15 
with the brief explanations are as follows: 
Type I: Represents the microporous solid with fairly small external surfaces which 
normally found in some activated carbon, zeolites or certain porous oxides. Type I occurs 
due to limiting uptake of accessible micropores resulting very low P/Po micropores filling. 
Type Ia is mainly for narrow micropores (<~1 nm), meanwhile Type Ib is basically for a 
range of pore including wider micropores to possibly narrow mesopores (<~2.5 nm). This 
type normally found on activated carbon, molecular size zeolites and certain porous 
oxides). 
Type II: Mostly accommodates nonporous or macroporous absorbents resulting 
from unrestricted monolayer-multilayer adsorption (high P/Po). The sharp knee at point 
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B indicates the completion of monolayer coverage. If the shape is more curved (less than 
point B), this indicates the overlap between monolayer coverage and multilayer 
adsorption.  
Type III: Showing a weak absorbent-adsorbate interaction, thus no point B is 
observed. The amount of absorbed is finite at saturation pressure P/Po = 1. Normally this 
type is applicable for nonporous or macroporous solid.  
Type IV: Resembles the mesoporous absorbent with the typical type of final 
saturation plateau. Type IVa represents the capillary condensation with hysteresis with 
pore wider than 4 nm. On the other hand, Type IVb is the opposite to Type Iva with no 
hysteresis observed. Somehow the conical and step stairs features are remaining.  
 
Figure 2.6 New IUPAC classification of physisorption isotherms, published in IUPAC 
Technical Report on physisorption of gases, with evaluation of surface area and pore 
size distribution, 201515. 
 
 
Type V: Indicates a weak-fluid wall-interaction which is less common occurred 
(low P/Po), but observed in certain porous absorbents14. At higher P/Po, pore filling 
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happens during molecular clustering. This type is mainly found in water adsorption on 
hydrophobic micro/mesoporous adsorbents.  
Type VI: Represents the layer-by-layer adsorption on highly uniform nonporous 
surface such as on argon or krypton at low temperature on graphitised carbon blacks. 
Each absorbed layer capacity is depending on the step-height, meanwhile, the 
temperature and the systems determined the sharpness of the peak.  
Hysteresis loops reference also has been renewed and compiled in the new 
IUPAC Technical Report, 201515 as shown in Figure 2.7. The similar types H1, H2(a), 
H3 and H4 were used and adapted from the original IUPAC Technical Report 1985. New 
classification involves the addition of H2(b) and H(5). The identification is as follows:  
 
 
Figure 2.7 IUPAC new classification of hysteresis loop types adapted from IUPAC 
Technical Report on physisorption of gases, with evaluation of surface area and pore 
size distribution, 201515. 
 
Type HI: Represents the narrow uniform mesopores, indicates the delayed 
condensation on adsorption branch. It is having similar width size distribution between 
neck size and pore/ cavity size distribution. This type normally can be found in templated 
silica, controlled pore glass or mesopores carbons.  
Type H2: The steep desorption shape indicates either pore blocking/ percolation 
in narrow pore necks or to cavitation-induced evaporation.  
Type H3: Represents the non-rigid aggregates of plate-like particles or if the pore 
contains incomplete macropores.  
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Type H4:  Nearly similar to H3 but more in a combination of types I and II, with 
more uptake P/Po associated to micropores filling. This loops normally found in 
aggregates zeolites and microporous carbon.  
Type H5: Unusual loops due to consist both open and partially blocked 
mesopores.   
Pore diameters and pore volumes were further analysed by using DFT method 
by using the fitting model for N2 at 77 K on carbon (slit pores, QSDFT equilibrium mode). 
This fitting model has been chosen because it gave the best fitting with experimental 
data.  
2.2.3 Mercury intrusion  
More accurate pore volume and pore diameter analyses were undertaken using 
Mercury Intrusion Porosimetry with a PoreMaster-60 instrument which generates 
pressure to 60,000 psia for pore size from >950 microns to 0.0036-micron pore diameter. 
This instrument is mainly used for pore size and pore volume where it capable to analyse 
from micropore to macropore size. Apart than that, it also often used to measure 
distribution, density and other porosity-related analysis18.  
The principle of this analysis is based on the contact angle of mercury which is 
physically a non-wetting liquid (Figure 2.8). Hence, an external pressure needs to be 
applied in order to force the mercury into the pore. The relationship between the applied 
pressure and pore diameter is given by the Washburn equation (Equation 2.8) as 
follows:  
𝐷 = (−4𝛾 cos 𝜃)/𝑃 ------- Equation 2.8 
where P is applied pressure, 𝛾 is surface tension of the mercury, 𝜃 is the contact angle 
between mercury and solid surface, and D the pore diameter.  
Prior to the analysis, samples were evacuated for an hour to remove air and 
residual moisture18.  Samples were then filled with mercury and voids/pores will be slowly 
filled by pressure. Each pressure change will reflect the volume of mercury intrudes into 
the sample, and by that, the volume of mercury is measured by mercury penetrometer.  
This also will generate the pore size/volume distribution from Weshburn equation.  
54 
 
Figure 2.8 Different contact angle applied on mercury (above) and the external pressure 
applied by the capillary action to force the mercury into the pores (bottom). The image 
was obtained from https://www.intechopen.com/books/high-performance-concrete-
technology-and-applications/microstructure-of-concrete, accessed on  Jan 12, 2017.  
2.2.4 Electron microscopy 
Electron microscopes were developed due to the limitation of light microscopes 
which only capable for 500x to 2000x magnification. Electron Microscopy (EM) is a 
remarkably powerful scanning of sample’s morphology, especially on nanomaterials19. 
By using this electron beam, samples are magnified to 500,000 times, thus revealing the 
details and complexity of the morphology. This becomes one of the advantages of EM 
over traditional light microscope (LM) (Figure 2.9). The others advantages of EM are 
listed in Table 2.1. EM is a useful technique that provides information such as size, 
morphology, the texture of material and element composition.  
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Figure 2.9 The difference between Light Microscopes (LM), Transmission Electron 
Microscopy (TEM) and Scanning Electron Microscopy (SEM). The image was obtained 
from http://www.vcbio.science.ru.nl/en/fesem/info/fesemfaq/, accessed on Jan 12, 2017. 
 
Table 2.1 Comparison of Light Microscope (LM) with Scanning Electron Microscopy 
(SEM). 
Criteria  
Light Microscopy 
(LM) 
Electron Microscopy 
(EM) 
Radiation  Visible light Electron beams 
Magnification x 2000 x 500 000 
Approx. radiation 
wavelength  
400-700 nm < 1nm 
Radiation focus by  Lenses (glass lenses) Electromagnets 
Resolution  200nm 0.2 nm  
Preparation of material Quick and simple Time consuming 
Cost Relatively cheap  Very expensive  
 
SEM images were recorded at Leeds Electron Microscopy and Spectroscopy 
Centre using a HITACHI SU8230, a high-performance cold field emission (CFE) SEM 
with Oxford Instruments Aztec Energy EDX system with 80mm X-Max SDD detector. 
The electron is recorded using secondary electron (SE) and backscattered electron 
(BSE) with high resolution as well as nanoscale EDX capabilities. Samples were 
mounted on aluminum stubs using a thin layer of conductive carbon tape or gold sputter 
coated to reduce charging. Images were analysed by using ImageJ 1.50d software.   
Electron gun will induce the beam towards sample using a thermionic electron to 
heat up. Once the electron beams hit up the specimen, two types of electron normally 
come off which known as a secondary electron (SE) and backscattered electron (BSE). 
In SE mode, atoms absorb energy and give off their own electrons. These electrons 
mainly covered on shallow surface.  They will be captured by a detector in a filament 
cage that having a positive charge around 300V. The detector will transfer the 
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information to a computer and translate it into the image. On the other hand, BSE comes 
from the surface and deeper down of the specimen which then is detected by the second 
detector.  
EDX was used for elemental analysis of the composition of the specimen. In 
principle, all elements from atomic number 4 (Be) to 92 (U) can be detected under this 
instrument20.  EDX analysis software linked to the SEM with a 30 mm two light element 
attached to two light elements atmospheric twin window (ATW) detector. Electron beam 
fired an X-ray radiation on the sample. Energy penetration depth is about 10 𝜇m.  
Simultaneously, electron beams excited from the ground state and ejected from the 
atom. Each excited and emitted electron will occupy at different level of energy. The 
difference between these energy levels will released as an X-ray. Further analysis on 
this emitted X-ray will provides information on atomic structure of the elements.  
Transmission Electron Microscopy (TEM) analysis was carried out using a JEOL 
2100F FEG STEM operating (200 keV) at the University of Birmingham. Samples were 
set by dispersing in methanol and then drop cast onto a copper grid coated with a holey 
carbon support film (Agar Scientific Ltd). Typically, TEM has an almost similar concept 
like LM, except TEM incorporates with more lenses and uses electron beams as the 
main energy source. TEM allows penetration up to the atomic level meanwhile SEM 
distinguish features a few nanometers in size (further differences between SEM and TEM 
can be seen in Table 2.2. 
Table 2.2 Comparison of Scanning Electron Microscopy (SEM) with Transmission 
Electron Microscopy (TEM). 
SEM TEM 
Based on scattered electron Based on transmitted electrons 
Sample can be of any thickness and is 
mounted on aluminum stub 
Specially prepared thin samples are 
supported on TEM grid 
Electron beam scans over surface of 
specimen 
Electron beams passes through thin 
sample 
Focus on surfaces and its composition Focus on what inside and beyond the 
surface 
2D image 3D image 
Max level of magnification = 2 million Max level of magnification = 50 million 
 
In TEM electron beams are transmitted through the thin sample from a cathode. 
The beams are then accelerated towards the specimen by the positive anode. Only a 
small energy range can pass through a thin disk with a small circular through-hole (2-
100 µm) so that a well-defined energy is created. Differences in thickness, atomic mass 
and density are responsible towards the degree of interaction between beam and 
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samples. The image is generated from the morphology of the specimen, thus also 
produces the 3D images result.  
2.2.5 Diffuse reflectance infrared Fourier transform 
spectroscopy  
The Diffuse Reflectance Infraredd Fourier Transform Spectroscopy (DRIFTS) 
experiments were carried out using a Thermo Scientific Nicolet iS50 FT-IR instrument 
with Smart Collector accessory. The infrared source of ever-glo mid/near is used and 
mercury cadmium telluride (MCT-A) photon was cooled by liquid N2 at -196 °C. Spectra 
were recorded using OMNIC software. The spectroscopic data provide information about 
the functional groups at the surface and possible interaction between organic and 
inorganic parts of the catalysts21. A wide wavelength region from 4000 – 400 cm-1 is 
normally detected by the instrument. Samples are prepared with 10 % of catalyst pressed 
into dried KBr. The spectra are recorded over a wavelength range from 4000 to 400 cm-
1 under 64 scans. Among the advantages of using DRIFTS over conventional 
transmission (or reflection) FTIR methods are; it involves fast and nondestructive 
technique, makes it suitable for both powder or as it is sampled and also suitable for 
strongly absorbing material21.  
An infrared beam is directed to the sample, it eventually migrates and bounces 
around the sample before being absorbed and reflected back onto the focusing mirrors 
(Figure 2.10). The spectrum is detected by detector and computer translated it as 
spectrum results. 
 
Figure 2.10 The schematic principle of how a DRIFTS instrument works. The image was 
taken from Chen et al.22. 
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 2.2.6 Thermal analysis mass spectrometry 
Thermal analysis mass spectrometry (TGA-MS) is a powerful approach for the 
study of the thermal behaviour of solid and liquid samples. A simultaneous TGA/DSC 
(Differential Scanning Calorimetry) coupled to Mass Spectrometer (MS) was used in this 
analysis. This interface allows one to characterise and quantify compounds in the off-
gas in real-time along with each mass loss23. Apart than that, it also able to characterise 
decomposition and thermal stability study, composition studies, to determine purity, 
humidity, volatile ash and fixed carbon content and also able to identify gasification of 
carbonaceous sample studies. DSC is used to determine the thermal critical points like 
melting point, enthalpy specific heat or glass transition temperature of substances. The 
results of a DSC experiment is presented in a curve of heat flux versus temperature or 
time. This curve can be used to calculate enthalpies of transition between positive or 
negative peaks.  
The thermoanalytical analysis was undertaken on a Mettler STARe (STA-780 
Series) Thermo Gravimetric Analyser in a flowing N2 atmosphere at a heating rate of 10 
oC / min under 30 ml min-1 of N2 flow. TGA analysis was carried out with the METTLER 
TOLEDO ultra-micro balance with unique built-in calibration weights to ensure accuracy. 
To simultaneously follow the evolution of the gaseous decomposition products over the 
temperature range from room temperature to 800 °C, the thermobalance was connected 
to Pfeiffer Vacuum high-end mass spectrometer. In this way, the thermogravimetric 
analysis (TGA) and mass spectrometric (MS) ion intensity curves of the selected ionic 
species could be recorded simultaneously. The MS quadrupole used is able to measure 
a wide range of mass or charge ratios (1 to 300).   
2.2.7 Temperature-programmed desorption of CO2 
The CO2 Temperature Programmed Desorption (CO2-TPD) analysis was 
performed by using Quantachrome ChemBET 3000. CO2 pulse chemisorption was run 
followed by temperature programmed desorption (TPD) analysis to study the basicity of 
hydrotalcite/solid base samples. To prepare the sample, approximately 50 mg of catalyst 
was placed into quartz chemisorption cell plugged with quartz wool and was degassed 
for 1 hour under He gas at 120 °C. The sample was then let cool until the temperature 
dropped to 40 °C. Then CO2 was pulse titrated in 50 μL doses until three consecutive 
saturated same height peaks are obtained. The counts were recorded. The sample then 
was heated to 700 °C (for hydrotalcite) and up to 900 °C (for commercial catalyst) at 10 
°C min-1.  The amount of CO2 absorbed then can be determined. 
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2.2.8 Solid-state NMR spectroscopy 
Solid-state NMR spectra were obtained at the EPSRC UK National Solid-state 
NMR Service, Durham University. The spectra were recorded on Varian VNMRS 
spectrometer with a 9.4 T magnet. This is a “three-channel” (HXY) instrument with two 
magic-angle spinning probes. These differ in rotor size (4 and 6 mm) but are otherwise 
generally similar: both can operate over a temperature range of around -80 to +180 °C 
and have three RF channels (but can operate in either double- or triple-resonance 
mode). The available sample space is 52 or 242 μl for the 4 and 6 mm rotors, 
respectively. The maximum spin rates are 14 kHz for the 4 mm rotors and 7 kHz for the 
6 mm. In the triple-resonance mode, the probes can be configured to work with any XY 
pair of nuclei providing their resonance frequencies are separated by 20 MHz or more. 
In the solid-state 1H is a special case and does not give high-resolution spectra (in the 
same sense that 13C does, for example). However, it can yield useful physical information 
through its relaxation behaviour.  
2.2.9 Inductive coupled plasma-Optical emission 
spectrometry 
Inductive Coupled Plasma-Optical Emission Spectrometry (ICP-OES) is another 
multi-elemental analysis technique that used plasma source to dissociate the sample 
into its constituent atoms or ions, then exciting them to a level where they emit light of a 
characteristic wavelength. This elemental analysis has been performed on Thermo 
Scientific iCAP 7000 Series ICP OES Spectrometer. Illustration of ICP schematic 
diagram is shown in Figure 2.11.   
The sample was prepared according to the Environmental Protecting Agency 
(EPA) Standard Operating Procedure24. In order to digest the solid sample, 10 mg of the 
catalyst was mixed with 100 mg of ammonium fluoride with precaution taken. Then the 
mixture was diluted with 5 ml of HNO3, 1 ml of H2SO4 and 4 ml of deionised water 
(Solution 1). Once this solution was completely dissolved, 1 ml of boric acid has been 
added to remove hydrogen fluoride that formed from the reaction of ammonium fluoride 
with acid. Then, in an autosampler tube, 1ml of this solution 1 was added with 9 ml of 
deionised water.   
A series of calibration standards were prepared as follows: 
 
1) Nitric acid solution was prepared by adding nitric acid to water (1:1 ratio) 
(Solution 2).  
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2) 9ml of Solution 2 was added to 1 ml of Zn standard solution to make up a 
1000 ppm of stock solution 
3) An acid digestion solution was prepared by adding nitric acid, boric acid, and 
sulphuric acid to water.  
4) To dilute the stock solution to 100 ppm, the mixture was added with 1ml of Ni 
standard, 1 ml of Al standard solution, 1 ml of Mg standard and 6ml of stock 
solution in an autosampler tube.  
5) This solution then was further diluted to 50 ppm, 10 ppm, 5 ppm and 1 ppm 
respectively.  
Using the autosampler, sample (in liquid form) is delivered to the nebuliser via a 
peristaltic pump. On approaching nebuliser, the sample is converted to a mist or finely 
droplet called aerosol. The sample is sucked into the capillary tube by a high-pressure 
stream of Argon gas flowing around the tip of the tube. This pressure breaks the liquid 
into fine droplets in various sizes in the spray chamber. The spray chamber is prompt to 
select the finest droplet of mist and the large droplets must be pumped away. 
Technically, around 3 % of the droplets are allowed to reach the plasma and the 
remaining samples went to waste bottle25. Simultaneously, the mist will be dried by heat 
from the torch and been induced by plasma. Decomposition happened and excitation of 
elements will take place. The excited atom leads to photon emission and ionisation. The 
emitted radiation from the plasma is then transmitted to the spectrometer and data output 
will be interpreted by a computer.  
Figure 2.11 Schematic diagram of how ICP operates. Source: 
http://www.spectroscopyonline.com/approaches-maximize-performance-and-reduce-
frequency-routine-maintenance-icp-ms, retrieved on Jan 12, 2017.  
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2.2.10 X-ray photoelectron spectroscopy 
Surface compositions were investigated using X-ray photoelectron spectroscopy 
(XPS) using a Kratos Axis Hsi X-ray photoelectron spectrometer. This instrument is fitted 
with charge neutraliser and magnetic focusing lens employing Al Kα monochromated 
radiation (1486.6 eV). Spectra were processed in CasaXPS version 2.3.15 software. 
Binding energies were corrected using adventitious carbon at 284.6 eV. The X-ray 
source of MgKα (1253.6 eV) or AlKα (1486.3 eV) anode is routinely employed on due to 
their low kinetic energy roughly in a range of 0-1 keV26. A set of relative sensitivity factors 
(R.S.F) is necessary for all elements, where the sensitivity factors are designed to scale 
in the measured areas using CasaXPS so that meaningful atomic concentrations can be 
obtained, regardless of the peak chosen. Table 2.3 summarised the R.S.F value used 
in this study.  
Table 2.3 Relative sensitivity factor (R.S.F) and the main peak value for the element 
used in this study. 
Spectra 
Relative sensitivity 
factor (R.S.F) 
Corrected area / main 
peak value (eV) 
C 1s 0.318 284.6 
Al 2p 0.257 74.5 
O 1s 0.736 532 
Mg 2p 0.168 50.0 
Mg 2s 0.525 90.1 
Ni 2p 3.845 854.6, 873 
Zn 2p 4.81 1022,1045 
Ca 2p 1.95 347 
  
XPS is a sensitive surface spectroscopy technique used to investigate the 
elemental composition, chemical state, electronic state and an empirical formula of the 
element26. XPS mainly used to study the surface chemistry of material either at the 
precursor or after treatment state. XPS can detect most elements in periodic table but is 
not easily able to detect H2 and He. Principally, XPS is a photoelectric energy based 
technique. XPS detects only those electrons that have actually escaped from the sample 
into the vacuum of the instrument, and reach the detector. As an X-ray electron is 
absorbed with binding energy onto the core or a valence energy, the photoelectron is 
emitted with kinetic energy, as can be seen in Figure 2.12 and calculated using the 
following Equation 2.9 below.  
Ek = ℎ𝑣 −Eb – φ ------------------- Equation 2.9 
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where Ek is the kinetic energy of photoelectron, ℎ is Planck’s constant, 𝑣 is frequency of 
the exciting radiation, Eb is the binding energy of photoelectrons with respect to the Fermi 
level and φ is the work function of the spectrometer.  
Figure 2.12 Schematic depiction of photoionisation involved in XPS. Accessed on Jan 
27, 2017 from http://wikiwand,com/en/X-ray_photoelectron_spectrocopy.  
Photoelectron exhibits the spectrum due to it being highly ejected after leaving 
the core level with created a hole in the outer shell by the binding energy26.  This 
phenomenon creates a transition excited state. The second level electron will fill up the 
hole and creates another hole on that level and this process will continue up to the most 
inner shell which in the end produces Auger electron. The Auger electron can easily be 
recognised by comparing between two energies; i.e the same binding energy can be 
expected from the XPS peak, but not from the Auger electron. Auger peaks are reported 
to be shifted to binding energy scale26. Further information about Auger electron is 
illustrated in Figure 2.13.  
 
Figure 2.13 Illustration of how Auger electron is exhibited from the inner shell hole 
created by the left excited binding energy. The image was obtained from  
https://wiki.utep.edu/pages/viewpage.action? pageId=39194437, accessed on Jan 26, 
2017.  
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2.3 Catalytic studies      
2.3.1 Transesterification reaction of conventional LDH  
2.3.1.1  Tributyrin (C4) 
Transesterification of hydrotalcite base catalysts was carried out with tributyrin 
(C4) by using a Radley's Starfish reactor. In a three necks flask, using a micropipette, 10 
mmol of tributyrin (2.93 cm3) has been added to 308 mmol (12.5 ml) methanol with 
0.0025 mol (0.59 cm3) dihexyl ether. At t=0, 0.15 cm3 samples are withdrawn and 
analysed by Gas Chromatography-Flame Ionization Detector (GC-FID). Then, 50 mg of 
the catalyst has been added and the mixture was stirred at 650 rpm, 65 °C for 24 hours. 
Periodic sampling was done and analysed by offline GC to generate reaction profiles. 
In transesterification reaction, triglycerides are converted to fatty acid methyl 
ester (FAME). The conversion, selectivity, yield and turn of frequency (TOF) are  
calculated as follows:  
𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏
=  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇0 (𝑚𝑜𝑙𝑒𝑠) − 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇1(𝑚𝑜𝑙𝑒𝑠) 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇0 (𝑚𝑜𝑙𝑒𝑠)
  𝑥 100 
 
𝑺𝒆𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 =  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑 (𝑚𝑜𝑙𝑒𝑠)
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑜𝑙𝑒𝑠)
 𝑥 100 
 
𝒀𝒊𝒆𝒍𝒅 = 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑥 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 
 
𝑻𝒖𝒓𝒏 𝒐𝒗𝒆𝒓 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 (𝑻𝑶𝑭) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒𝑠 (𝑚𝑚𝑜𝑙𝑔 − 1𝑚𝑖𝑛 − 1)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑚𝑚𝑜𝑙𝑔 − 1)
 
 
2.3.1.2 Transesterification of bulkier triglycerides (C8-
C18) at higher temperature  
Bulkier TAG needs the higher temperature in order to avoid mass-transport 
limitation during transesterification reaction. For this purpose, an ACE® pressure flask 
has been used (Figure 2.23). Condition parameter and stoichiometry of reactant were 
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maintained as before, except the reaction temperature was increased to 110 °C. 10 mmol 
of bulkier TAG (C8-C18) was added to an ACE® glass pressure flask, along with 
methanol (12.5 mL) and 0.0025 mol dihexyl ether (0.59 cm3, Aldrich 97 %) as an internal 
standard. 20 wt% butanol was added to aid the solubility of triglycerides. The reaction 
mixture was magnetically stirred at 650 rpm. A t=0 sample (0.15 cm3) was removed 
before catalyst addition and analysed by GC. To ensure a good series of reaction is 
obtained, we also tested transesterification reaction under C4 in the pressure flask bottle.  
Trilaurin (C12) is in solid powder form, and normally faces the sampling issue 
(solidifies after 2-3 sampling). To circumvent this, an autoclave with sampling valve on 
the hot plate was used where the mixtures are more immersed and sampling will be 
much convenient. To make sure the autoclave is well tightening, nitrogen and snoop leak 
test have been beforehand. This test is run each time before reaction takes place until 
no leaking was found.  
2.3.1.3 Transesterification of macroporous LDH 
In transesterification reaction of macroporous LDH, most reaction conditions 
remain the same except reactions have been done at 110 °C in pressure flask (to be 
standardised for bulkier TAG) with 100 mg of catalyst.  
 
2.3.2 Preparation of calibration standards  
As calibration is such a common and important step in any analytical methods, it 
is essential that analysts have a good understanding of how to set up calibration 
experiments and how to evaluate the results obtained. There are few things need to be 
considered when preparing calibration curves such as; the number of calibration 
standards, the concentration of each of the calibration standards, the number of 
replicates at each concentration and preparation of the calibration standards27.  
Firstly, the concentration of TAG and internal standard (dihexyl ether) is 
calculated. Then, in 10 ml volumetric flask, a standard Solution 1 contains an absolute 
concentration of TAG, FAME and glycerol were added. DCM is added to mark up the 
volume to 10 ml. Solution 2 was prepared by adding an absolute concentration of internal 
standard (dihexyl ether) and DCM to 100 ml. The concentration of solution 1 is diluted 
from 100 % to 3.125 % in the different vial (1 to 6). In each vial (except 100 %), 5 ml of 
solution 1 is added with 5 ml of the Solution 2. This dilution concentration then is injected 
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to GC-FID. It is necessary to construct calibration curves for each component. The 
linearity of all calibration curves was determined with satisfactory (R2 ≥ 0.99).  
2.3.3 Gas chromatography-flame ionisation detector  
The TAG conversion and FAME formation were followed by analysis of the 
aliquots using a Shimadzu Gas Chromatography fitted with a flame ionisation detector 
(FID). Aliquots were periodically withdrawn from the flask and filtered before being added 
with dichloromethane (DCM) to 1.6 cm3 in a GC vial. Samples have then been injected 
to Shimadzu GC-2010 Plus (Japan) equipped with an autosampler and Zb-50 capillary 
column (30 m x 0.32 mm x 0.25 μm). Conversion, yields, initial rates and turnover 
frequency (TOF) have been determined from the chromatogram results. Initial rates were 
calculated from the linear portion of the conversion profile during the first 60 min of the 
reaction. Turnover frequencies (TOFs) were determined by normalising rates to the base 
site density. 
2.3.4 Gas chromatography-mass spectrometry 
Identification of components in the chromatogram has been done using Gas 
Chromatography-Mass Spectrometry (GC-MS) using FactorFour capillary column VF-
5ms (30 m x 0.25 mm x 0.25 μm). The product, molecular weight and retention time 
obtained from MS were checked and matched with NIST Library. ASTM D-6584 was 
applied to determine the concentration of monobutyrin, dibutyrin, tributyrin and glycerol 
in samples.  
2.3.5 On-column gas chromatography for bulkier 
triglycerides 
The TAG conversion and FAME formation were followed by analysis of the 
aliquots using a Varian 450 GC fitted with a flame ionisation detector (FID) and an 8400 
autosampler via on-column injection on a CP-sim disc wide-bore column ZB-1HT (15 m 
× 0.53 mm i.d. and 0.1 μm) with temperature programmed injector.  
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2.3.6 Leaching & reusability study of LDH and commercial 
catalysts 
2.3.6.1 Leaching study  
Substrates were prepared as usual except the amount has been double up; 4.98 
ml tributyrin, 24.28 ml methanol, 1.18 ml dihexyl ether and 100 mg catalyst. Condition 
parameter of transesterification reaction was kept similar as before. After 180 minutes of 
reaction, the catalyst was taken out, filtered and washed with methanol. The supernatant 
liquid continued reacting until 24 hours. The supernatant liquid was measured under ICP 
at T0 and T24 h after the reaction.  
2.3.6.2 Reusability study 
In this reusability study, transesterification of tributyrin (C4) was run by adding the 
amount of the solvent and catalyst to four times; 9.96 ml tributyrin, 48.6 ml methanol, 
2.36 ml dihexyl ether and 200 mg of catalyst. The reaction was done at the same 
condition parameter as described before. After the 24 hours of reaction, the catalyst was 
filtered, washed with methanol, and dried at 80 °C. The catalyst was examined under 
XRD before resumed in the next reaction. The catalyst was calcined at 300 °C and 
rehydrated under hydrothermal beforehand. The final cycle of catalyst was analysed 
under XRD, ICP and CO2-TPD.  
2.4 List of chemicals used 
Chemicals used Supplier 
Magnesium(II) nitrate hexahydrate  Sigma-Aldrich, ACS reagent, 99 % 
Nickel(II) nitrate hexahydrate  Sigma-Aldrich, puriss. p.a., ≥98.5 %  
Zinc(II) nitrate hexahydrate  Sigma-Aldrich, reagent grade, 98 % 
Aluminium nitrate nonahydrate Sigma-Aldrich ACS reagent ≥ 98 % 
Ammonium carbonate 
Sigma-Aldrich ACS reagent ≥ 30 % NH3 
basis 
Ammonium hydroxide solution 
Sigma-Aldrich ACS reagent 28.0-30.0 % 
NH3 
Dihexyl ether Sigma-Aldrich, 97 % (Aldrich) 
Glyceryl tributyrate (Tributyrin) Sigma-Aldrich, >99 %  
Methyl butyrate  Sigma-Aldrich, 99 % 
Monobutyrin  Aldrich 
Dibutyrin  Sigma-Aldrich  
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Glyceryl trioctanoate (Tricaprylin) Sigma, >99 % 
Methyl caprylate  Sigma Aldrich  
Monocaprylin Sigma Aldrich  
Dicaprylin  Sigma Aldrich  
Trilaurin  Alfa Aesar  
Triolein  Alfa Aesar  
Monoolein Sigma-Aldrich, > 99 % 
Dichloromethane Sigma-Aldrich 
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3.1 Introduction  
Research on layered double hydroxides has attracted much interest over the 
years, with the applications have included waste water treatment1,2, biomass 
conversion3–5, photocatalytic activities6–8 and much more. Traditionally, research has 
focussed on MgAl HT, but recently a great deal of research has been performed into 
incorporating alternative metals into LDHs, including zinc2,8,9, lithium10, chromium2,9,11,12., 
iron13, calcium14,15, gallium16, nickel17–19, cobalt20,21, manganese22–25 and copper4.  
Recently, Liu et al.26 reported on the nature strength basic site of calcined ZnAl 
layered double hydroxides (LDH) which later were applied in the transesterification of 
soybean oil in a fixed bed reactor. The yield obtained was approximately 76 % with no 
deactivation found after 150 h. Another study on Zr incorporated ZnAl LDH which was 
also on the calcined phase,27 demonstrated that incorporation of Zr on the bulk ZnAl LDH 
surface led to an increased pore diameter up to 10.6 nm. Additionally, the catalyst 
basicity was also improved which enhanced the performance in soybean 
transesterification to 91.7 %. These two studies confirmed ZnAl LDH possesses basic 
properties suitable for transesterification reactions. In another recent publication by 
Meng et al.28 the synthesis of a novel ZnAl LDH material from Zn(OH)2 was described 
using a co-precipitation method. The characterisation of the material was however only 
on the fresh precursor, and no catalytic performance has been reported.   
One limitation of the LDH catalysts reported is that they are still prepared using 
a NaOH precipitation method, which has a severe limitation due to the presence of 
residual alkali on the catalyst which would leach during liquid phase reactions, potentially 
contaminating biodiesel and harming the environment at the same time26–28. As 
explained in sub-chapter 1.4.3.1, traces of sodium must be avoided in hydrotalcite 
synthesis especially if the catalyst will be applied in the transesterification reaction. To 
overcome this drawback, in this chapter the synthesis and catalytic application of alkali-
free ZnAl LDH is described. To our knowledge, no previous work has been reported on 
the reconstruction of ZnAl LDH via a green alkali-free co-precipitation method, especially 
via hydrothermal reconstruction approaches.  
A detailed study of the precursor decomposition and reconstruction conditions 
have been undertaken to explore the effect of precursor to calcination and rehydration 
conditions via hydrothermal treatment (Scheme 3.1).  The resulting hydrotalcite was 
tested in the transesterification of triglycerides (TAGs) with varying chain lengths to form 
fatty acid methyl ester (FAME).   
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Scheme 3.1 Scope of this study involving different layer alterations via different Zn2+/Al3+ 
ratio which involved in calcination, hydrothermal reconstruction and later being adopted 
in transesterification reaction of triglycerides. 
 
Three different rehydration/reconstruction routes known as gas-phase (GP), liquid-
phase (LP) and hydrothermal phase (HTM) will be investigated (Scheme 3.2). In 
addition, the effect of synthesising the ZnAl LDH precursor at different pH was explored 
to assess the appropriate pH for the preparation of ZnAl LDH with a high surface area 
and uniform crystallinity of hydrotalcite. Secondly, the impact of calcination temperature 
on morphology, crystallinity, surface area and basicity were also thoroughly explored. 
The effect of rehydration/reconstruction approaches on the final properties of the material 
and performance in the transesterification of TAGs with C4-C18 alkyl chain lengths is 
finally investigated.  
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Scheme 3.2 Rehydration approaches on ZnAl LDH synthesised via the alkali-free 
method. 
 
3.2 Novelty and contribution to knowledge  
Alkali-free ZnAl LDHs were prepared for the first time and later were subject to 
different rehydration methods; gas-phase, liquid-phase and hydrothermal. A detailed 
study of the effect of chain length of TAGs on catalytic transesterification activity was 
undertaken to assess the impact of active site accessibility with increasing bulkiness of 
the reactant. 
3.3 Aim  
The major objective of this work is to examine the factors influencing 
reconstruction of ZnAl LDH. The principal question concerns whether hydrothermal 
reconstruction methods are feasible or not and how efficient its catalytic performance in 
application to transesterification of triglycerides chains.   
3.4 Results and discussion 
A series of conventional layer double hydroxides with nominal Zn:Al ratios 
varying from 1.5:1 to 4:1 were prepared via an alkali-free co-precipitation method 
developed by Cantrell and co-workers29  which have to date only been applied to MgAl 
HT systems. The properties of LDH strictly depend on the synthesis method used,30 
hence the effect of synthesised pH, calcination temperature and reconstruction 
approaches will be discussed thoroughly. 
 
Rehydration method 
Gas phase (GP)
Calcination 300-500 
°C
Rehydration under N2 
flow bubble 20ml/min
Charaterisation 
Liquid phase (LP) 
Calcination 300-500 °C
Rehydration in an ACE 
flask bottle at room 
temperature
Charaterisation
Hydrothermal (HTM) 
Calcination 300 °C
Rehydration in hydrothermal 
flask at 100-150 °C
Charaterisation
Transesterification reaction
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3.4.1 Characterisation of ZnAl precursor  
3.4.1.1 Energy dispersive X-Ray spectroscopy 
The successful incorporation of Zn and Al within the layered double hydroxides 
materials of [Zn(1-x)Alx(OH)2]x+(CO3)x/n2- at pH 9 and 10 was first verified by energy 
dispersive X-Ray (EDX) spectroscopy. The Zn:Al atomic ratio of the hydrotalcites 
prepared are shown in Table 3.1. The results demonstrate there is a progressive 
increase in Zn:Al ratio across the family of materials, even though the experimentally 
determined bulk ratio of Zn:Al is slightly lower than the target ratio.  This suggests a lower 
rate of Zn incorporation compared to Al. However as Zn:Al atomic ratio is increased 
during synthesis, the bulk ratio is decreased31. ZnAl LDH prepared at pH 9 showed a 
lower actual ratio compared to materials prepared at pH 10 suggesting that at pH 10 the 
incorporation of Zn and Al metal are more favourable and this is correlated with the 
optimum pH condition32.   
Table 3.1 The nominal and actual bulk of ZnAl HT atomic ratio synthesised at pH 9 and 
10. 
Nominal 
atomic Zn:Al 
ratio 
Zn wt% bulk 
(EDX) 
Al wt% bulk 
(EDX) 
Bulk atomic 
Zn:Al ratio 
x=(Al/Al+Zn) 
1.5:1 pH 9 22.8  10.6 0.9  0.5 
2:1 pH 9 21.9 6.0 1.5  0.4 
3:1 pH 9 28.5 15.2 2.1  0.3 
4:1 pH 9 66.2 8.6 3.2  0.2 
1.5:1 pH 10 30.9 8.0 1.6  0.4 
2:1 pH 10 32.3 6.7 2.0  0.3 
3:1 pH 10 33.5 4.6           3.0 0.3 
4:1 pH 10 44.2 3.5 3.3 0.2 
 As discussed in sub-chapter 1.4.3.2, the x value must be in a range of 0.2 < x 
< 0.3333.  Outside these limit, it would trigger the formation of divalent and trivalent metal 
hydroxides (i.e. Al(OH)3) for lower and higher x value, respectively, which they are 
undetectable by XRD34. Results in the table below revealed at the nominal ratio of 1.5:1 
(for both synthesised pH), the x value was outside the limit of 0.2 < x < 0.33. This could 
be contributing to the less crystalline structure of HT, which will be confirmed and 
discussed later under XRD characterisation (sub-chapter 3.4.1.3). The EDX spectrum 
also revealed the existence of Zn, Al, and O atoms as can be seen in Figure 3.1. EDX 
revealed the main elements and in the image presented, no alkali is present in this 
sample further confirming this method was alkali-free. Most of the elements detected are 
expected to be in ZnAl LDH except Cu was detected, potentially as an impurity from the 
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chemicals used, or due to background fitting errors. Nevertheless, this should be 
disregarded as the amount is negligible. 
 
Figure 3.1 EDX spectrum of Zn:Al3:1 LDH precursor prepared at pH10. 
3.4.1.2 Thermogravimetric analysis-mass spectrometry 
Thermogravimetric Analysis-Mass spectrometry (TGA-MS) of samples was 
conducted to investigate the thermal decompositions of ZnAl LDH and to quantify the 
H2O and CO32- present in the materials (Figure 3.2). The MS curve of H2O (m/z = 18) 
confirmed the water is lost in two major steps. The first transition associated with loss of 
water (dehydration) interlayer occurred up to 185 °C. The second transition is due to loss 
of remaining water that occurs up to 290 °C, and coincides with the evolution of CO2. 
Decomposition and dehydroxylation/decarboxylation occurred over the temperature 
range 219-340 °C, when the brucite-like layers start to collapse8 and interlayer CO32- 
decomposed to yield CO2. The observed evolution of CO2 (m/z = 44) is in the range 250-
300 °C which is in agreement with the literatures8,26,27. The decarboxylation temperature 
also affected by the amount of CO2 gas present in the compound35. This finding has 
important implications for choosing the right calcination temperature before proceeding 
with rehydration/reconstruction procedures. Effect of basicity and the functional group 
will be explained later. 
The general formula for HTs; [M(II)1-xM(III)x(OH)2]χ+(An-χ/n)·mH2O where m = 0.81 – 
x,  has been applied in order to calculate the theoretical and experimental weight loss36 
as can be seen in Table 3.2. The ZnAl LDH compositional formula also has been 
obtained from a combination of this analysis and EDX. Zn, Al, OH and CO3 composition 
were calculated from atomic percent from EDX, with the H2O composition obtained from 
percentage weight loss obtained from TGA-MS over 49-340 °C attributed to water. As 
the Zn:Al atomic ratio increases, the amount of H2O in the interlayer is found to increase.  
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Meanwhile, the number of carbonates deposited on the interlayer diminishes as 
the Zn:Al ratio increases. In general, the total weight loss of both pH in experimental and 
theoretical value are comparable. Apart from that, this also proved the synthesis of pH 
plays an important role in the chemical composition of the material formed.  
Differential Scanning Calorimetry (DSC) profiles of Zn:Al3.31:1 LDH prepared at 
pH 9 and 10 showed two heat flow steps at 45 °C and 190 °C which are attributed to the 
absorbed water and dehydroxylation of water in the interlayer. Another heat flow was 
observed at 250 °C is attributed to the loss of carbon dioxide from the interlayer anion.  
 
 
Figure 3.2 TGA/DSC with MS profiles during decomposition of Zn:Al3.33:1 LDH in N2 at 
10 °C min from 40-800 °C. Figure A represents ZnAl LDH synthesised at pH 9 and B 
represent pH 10. 
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Table 3.2 Experimental and theoretical weight loss and the ZnAl LDH formula as obtained from TGA-MS and EDX.   
  
 Experimental Weight loss / % Theoretical weight loss / %  
ZnAl LDH Formula LDH catalyst/ 
weight loss 
H2O exp 
CO3 
exp 
Total 
Weight 
loss/ 
% 
H2O theory 
CO3 
theory 
Total 
Weight 
loss / 
% 
pH 9 
Zn:Al0.89:1AS 14.2 10.1 24.3 5.0 16.2 21.2 [Zn0.47Al0.53(OH)2].(CO3)0.27 0.28H2O 
Zn:Al1.50:1AS 13.2 10.1 23.3 7.4 12 19.4 [Zn0.60Al0.40(OH)2].(CO3)0.20 0.41H2O 
Zn:Al2.13:1AS 8.1 12.5 20.6 8.8 9.6 18.4 [Zn0.68Al0.32(OH)2].(CO3)0.16 0.49H2O 
Zn:Al3.20:1AS 10.5 910.0 20.4 10.3 7.2 17.5 [Zn0.76Al0.24(OH)2].(CO3)0.12 0.57H2O 
pH 10 
Zn:Al1.59:1AS 14.4 9.1 23.5 7.6 11.4 119.0 [Zn0.61Al0.39(OH)2].(CO3)0.19 0.42H2O 
Zn:Al2.00:1AS 12.2 10.2 224 86 10.2 18.8 [Zn0.67Al0.33(OH)2].(CO3)0.17 0.48H2O 
Zn:Al2.97:1AS 10.3 12.5 22.8 10.9 7.8 17.9 [Zn0.75Al0.25(OH)2].(CO3)0.13 0.56H2O 
Zn:Al3.33:1AS 12.1 910.0 22.1 10.5 7.2 17.6 [Zn0.77Al0.23(OH)2].(CO3)0.12 0.58H2O 
AS is denoted for as-synthesised. 
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3.4.1.3 Powder X-ray diffraction of ZnAl LDH series 
The XRD patterns of all ZnAl LDH series synthesised at pH 9 and 10 are summarised 
in Figure 3.3a-b. From the XRD, the system of this material is confirmed as hexagonal with 
R-3m space group, which is in excellent agreement with the literature37. Sharp diffraction 
patterns of as-synthesised ZnAl LDH were observed at basal spacing d(003), d(006), d(012), 
d(015), d(018), d(1010), d(1011), d(110) and d(113) which confirmed the formation of ZnAl 
LDH. XRD patterns of as synthesised (AS) ZnAl LDH at pH 9 displayed weak intensities 
indicating a poorly crystalline structure. By increasing the pH from 9 to 10, better diffraction 
patterns of ZnAl LDH is observed due to the completion of co-precipitation of ZnAl HT phase. 
A previous study was done by Melián-Cabrera et al.38 which also demonstrated that HTs 
formation is not favoured at lower pH, and leads to less crystalline materials.  
 
Figure 3.3 Stacked XRD patterns of Zn:Al3.31:1 LDH prepared at pH 9 (a) and 10 (b). i, ii, iii 
and iv are represented the atomic ratio of each catalyst from lower to higher ratio (0.89:1-
3.20:1 at pH 9 and 1.59:1-3.33:1 at pH 10).  
 
Lattice parameter a and c (Scheme 3.3) of the catalyst synthesised at both pHs were 
in agreement with those literature reported by Liu et al.27, Kooli et al.39 and Thevenot et al.40 
(Table 3.3). These values were calculated from d spacing values of d003, d006, d009/012 and d110 
(from Bragg equation). The a parameter corresponds to cation-cation distance in the layer is 
calculated using a formula of a = 2d110. Meanwhile, c is attributed to interlayer distance is 
calculated using c = d003 + 2d006 and 3d019/01233. The value of a and c are in the same range 
unless there is any substitution between metal hydrotalcite or its anions27 are occurred.  
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Scheme 3.3 The schematic view showing the basal spacing, layer thickness and 
interlayer thickness of a layer double hydroxide41.  
 
As mentioned in Chapter 1, the value of x can be used as a guide to the range 
of compositions over which the HT phase will form, and it is reported that for the formation 
of a pure hydrotalcite phase, the value of x must lie in the range of 0.2 < x < 0.3333. In 
this study, the experimentally determined values were in the range 0.24 > x < 0.53 at pH 
9 and 0.20 > x < 0.39 at pH 10 (Figure 3.4a-b). An increasing trend in the magnitude or 
in the lattice parameter a and c is observed as the x value is decreased significantly in 
both synthesised pH. This is due to the lowering Al3+ content will decrease the 
electrostatic attraction between positive cations and negative charge of interlayer anions 
hence will increase the interlayer distance, c42.  
Crystallite size of ZnAl LDH is in the range of 27-43 nm. This also shows 
crystallite size increases as ratio and pH increase. Thus the x value obtained from these 
results show pH 10 possess the most significant range as expected in pure hydrotalcite 
compared to pH 9 Hereby, now it is confirmed that ZnAl LDH synthesised at pH 10 shows 
better diffraction pattern at basal spacing d(003) and better layer thickness parameter. 
EDX of fresh samples prepared at pH 10 also shows superior x value ranges compared 
to those obtained at pH 9. Consequently, the following subtopic will be thoroughly 
discussing ZnAl LDH synthesised at pH 10 only. 
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Table 3.3 Comparison of the textural parameters of ZnAl LDHs synthesised at different pH. 
afrom Bragg equation and bfrom Scherrer formula  
 
Figure 3.4 Effect of cation distance and interlayer distance as a function of Al content (x value), synthesised at pH 9 (a) and 10(b).
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aLattice parameter / nm bCrystallite size /nm x=(Al/Al+Zn) 
a  c  
Zn:Al 0.89:1 pH 9 0.73±0.04 0.153±0.003 0.306±0.018 2.24±0.02 35±3 0.53 
Zn:Al 1.50:1 pH 9 0.73±0.02 0.153±0.003 0.306±0.015 2.24±0.02 43±5 0.40 
Zn:Al 2.13:1 pH 9 0.73±0.02 0.153±0.001 0.306±0.015 2.24±0.02 43±6 0.32 
Zn:Al 3.20:1 pH 9 0.73±0.05  0.154±0.006 0.307±0.001 2.25±0.01 51±5 0.24 
Zn:Al 1.59:1 pH 10 0.74±0.06 0.153±0.002 0.306±0.013 2.27±0.01 27±6 0.39 
Zn:Al 2.00:1 pH 10 0.74±0.02 0.154±0.001 0.307±0.013 2.27±0.01 31±3 0.33 
Zn:Al 2.97:1 pH 10 0.74±0.01 0.154±0.002 0.307±0.019 2.27±0.01 36±2 0.25 
Zn:Al 3.33:1 pH 10 0.74±0.01 0.154±0.004 0.308±0.009 2.28±0.02 36±1 0.23 
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3.4.1.4 Diffuse reflectance infrared Fourier transform 
spectroscopy of ZnAl LDH series 
The functional groups present at the surface were subsequently probed by 
Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS). Figure 3.5 shows 
the evolving surface infrared (IR) spectra of ZnAl LDH series before calcination. IR 
spectra of hydrotalcite can be differentiated in three distinctive regions43. Theoretically, 
a broad OH stretching mode v(OH)- and absorbed water molecules are observed around 
3360 cm-1 from the interlayer region. This region also correlated to hydrogen bonding 
between water molecules and bidentate carbonates group in the interlayer region38 which 
later has been detected at 1710 cm-1. Apart than that, vibration at 1560-1600 cm-1 
represents H2O vibration on the surfaces.   
 
Figure 3.5 DRIFT spectra of ZnAl LDH precursor with Zn:Al ratio of;  (a) Zn:Al 1.59:1, 
(b) Zn:Al 2.00:1, (c) Zn:Al 2.97:1 and (d) Zn:Al 3.33:1. On the right: Cartoon depicted 
assignments of the functional group involved in ZnAl LDH precursor DRIFTS bands. ● is 
C, ● is O, ● is H, ∆ is M2+ and  ∆ is M3+.  
 
A small region of CO2 absorbed from the atmosphere has been detected around 
2300 and 2100 cm-1. Bands of unidentate and bidentate carbonates are overlapping and 
mostly lies between 1300-1770 cm-1. Zn-Al-O regions were detected around 830-704 
cm-1.  
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3.4.2 Characterisation of ZnAl calcined samples  
As-synthesised HTs are normally less active in base catalysed reactions43, thus 
thermal activation is necessary. During calcination, the interlayer of H2O and CO32- are 
destroyed and a mixed oxide is formed (Scheme 3.4). In this section, the influence of 
calcination temperatures on the thermal stability of alkali-free ZnAl LDH was investigated 
for a better understanding of the process involved. In this study, no intention has been 
made to explore the variation of calcination time on metal oxide sample as Bankauskaite 
et al.30 has proven no pronounced effect was found with changing the calcination time 
for a MgAl HT study.  
 
Scheme 3.4 Illustration of calcination process taking place at the desired temperature. 
3.4.2.1 Powder X-ray diffraction  
Based on the results from XRD in sub-chapter 3.4.1.3, hydrotalcite samples 
prepared at pH 10, which were selected as these gave more crystalline materials with 
the desired level of Zn incorporation. Calcination temperatures were selected from 250-
500 °C44 to allow efficient removal of CO2 and generation of base sites from the 
decomposition of mixed oxides. ZnAl LDH samples prepared at pH 10 were calcined in 
a tube furnace at different temperature (250, 300,400 and 500 °C) for 5 hours, under a 
flow of 30 ml O2, ramp rate 10 °C/min. Offset XRD patterns of the calcined ZnAl LDH 
series at different temperature are summarised in Figure 3.6. Calcination causes a 
collapse of the brucite sheets and loss of features associated with the layered 
hydrotalcite structure due to the process of dehydroxylation and decarboxylation of 
carbonate. From the diffraction patterns, the results confirmed that the re-crystallisation 
of ZnAl LDH is dependent on the x ratio (Al/(Zn+ Al)) and calcination temperature45–47 
with lower onset temperatures of 250 °C, ZnO has formed in the sample with a lower 
Zn:Al atomic ratio (2.00:1).  
Calcination 
Interlayer collapsed 
and form mixed oxide   
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Figure 3.6 XRD pattern of calcined LDH from 250-500 °C (a-d) and its comparison at 
different temperature using Zn:Al3.33:1 catalyst (e).  
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Meanwhile, ZnO with ZnAl2O4 spinel structure started to form at a higher ratio 
(2.97:1 and 3.33:1) at the same temperature (250 °C) (Crystallography Open Database 
(COD) 9011662).  After calcination, the Al(OH)3 phases are not detected in the entire 
diffraction patterns and these results are in a good agreement with Carriazo et al.42. 
Further increasing calcination temperature leads to a sharpening of all peaks, indicating 
increased of crystallinity. The increased crystallinity of ZnO and ZnAl2O4 will be shown 
later in section 3.4.3.3 to be detrimental for reconstruction of calcined LDH materials. 
  
3.4.2.2 Nitrogen porosimetry of ZnAl series 
The surface area of calcined and the precursor samples are tabulated in Table 3.4. 
The surface area materials decreased with the formation of mixed oxides. XRD proved 
that the LDH layer structure has been destroyed and the mixed oxide (ZnO) along with 
spinel (ZnAl2O4) are detected48. Figure 3.7 depicted the adsorption-desorption isotherms 
of the precursor and calcined ZnAl LDH. It represents the type II according to IUPAC 
classification with H3 hysteresis loops49.  
 
Table 3.4 BET surface area (SBET) for ZnAl LDH precursor and calcined at 300 °C. 
 
 
 
 
 
 
 
Catalyst /Parameter BET Surface area (m2/g) 
Precursor 
Zn:Al 1.59:1                            364 ± 4 
Zn:Al 2.00:1  309 ± 17 
Zn:Al 2.97:1  445 ± 19 
Zn:Al 3.33:1  215 ±  25 
Calcined  
Zn:Al 1.59:1  168 ± 10 
Zn:Al 2.00:1  170 ± 29 
Zn:Al 2.97:1  140 ± 13 
Zn:Al 3.33:1  90 ± 41 
84 
 
 
Figure 3.7 N2 adsorption-desorption isotherms of ZnAl LDH precursor and calcined 
series, where i-iv indicating increasing ratio from 1.59-3.33.  
 
3.4.2.3 Scanning electron microscopy of ZnAl LDH 
Figure 3.8 depicted images of ZnAl LDH obtained from Scanning Electron 
Microscopy (SEM) imaging.  The sand-roses morphology can clearly be seen on the as-
synthesised catalyst and indicates the successful synthesis of ZnAl LDH48,50. Meanwhile, 
during the calcining process, interlayer structures are diminished due to calcination 
process destroying the CO3 and H2O layer, as confirmed by SEM images below.  
 
 
Figure 3.8 SEM images of ZnAl LDH catalyst showing changes of the morphology for 
as-synthesised (A) versus calcined (B).  
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3.4.3 Comparison of gas-phase, liquid-phase and 
hydrothermal ZnAl reconstructed materials 
Calcination of ZnAl LDH materials has been shown to generate ZnO and ZnAl2O4 
which will possess more Lewis base sites but are less favourable for promoting the 
transesterification reaction42. To promote the Brönsted basicity, calcined samples were 
rehydrated using three different methods; gas-phase (GP), liquid-phase (LP) and 
hydrothermal (HTM) methods, to assess which is most favourable for fully reconstructing 
the layered HT structure. The literature on the reconstruction of calcined ZnAl LDH is 
limited and there are no studies on the use of hydrothermal reconstruction methods using 
alkali-free parent LDHs. Therefore, this study is vital in order to understand how the 
textural properties change and resulting impact on catalytic activity in subsequent 
transesterification reactions. 
3.4.3.1 Scanning electron microscopy of reconstructed 
ZnAl LDH 
The morphology of reconstructed ZnAl LDH through gas-phase (GP), liquid-
phase (LP) and hydrothermal (HTM) were examined by Scanning electron microscopy 
(SEM).  The ‘Memory Effect’ of hydrotalcite should lead to the lamellar structure being 
regained upon rehydration as is observed commonly for MgAl LDH51, however, for ZnAl 
LDH optimum conditions have not previously been demonstrated. A casual look at the 
low-magnification SEM (Figure 3.9) images indicate that images of bar-like structures52 
following GP treatments. Meanwhile, in LP, bundles of hexagonal flakes with a 3D flake-
like morphology can clearly be seen.  Following HTM treatments, we observed the 
overlapping platelets suggesting more extensive re-crystallisation forming a structure52.   
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Figure 3.9 SEM images of rehydration ZnAl LDH (ratio 3.33:1) through achieved gas-
phase (A), liquid phase (B) and hydrothermal (C), respectively. 
C 
B 
A 
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3.4.3.2 High-resolution scanning transmission electron 
microscopy of reconstructed ZnAl LDH 
HR-STEM was performed to monitor changes in morphology of differently 
reconstructed Zn LDH at higher magnification.  Micrographs are depicted in Figure 3.10.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 HRTEM images of rehydration ZnAl LDH (ratio 3.33:1) achieved through 
gas-phase (A), liquid-phase (B) and hydrothermal (C), respectively. 
0.31 nm  
A 
B 
C 
0.30 nm  
0.31 nm  
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Nanoplatelet sheets of hexagonal structures can clearly be seen in all samples. The 
lattice fringes obtained in a range of 0.30±0.01 nm corresponds to the lattice parameter, 
a, in good agreement with values from XRD measurements53. 
 
3.4.3.3 Powder X-ray diffraction    
The reconstruction properties were investigated using different rehydration 
methods under gas-phase (GP), liquid-phase (LP) and hydrothermal (HTM) rehydration 
method as mentioned before. 
 
a) Gas-phase ZnAl reconstructed 
 
Figure 3.11 shows the diffraction patterns of gas-phase rehydration as a function 
of calcination temperature for each Zn:Al atomic ratio. Samples were rehydrated under 
wet nitrogen bubbler at 30 ml/min
-1 
for 48 hours.  
 
 
 
 
 
 
Figure 3.11 Effect of temperature and ratio on ZnAl LDH. The intensity ratio of ZnAl 
HT/ZnO is denoted in percentage value. 
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To evaluate the purity of the reconstructed calcined ZnAl LDH, the intensity ratio 
of ZnAlHT (peak 003) over ZnO (peak 012) is calculated. As mentioned in sub-chapter 
3.4.1.3, the spinel of ZnAl2O4 appears even though at a lower calcination temperature, 
hence no unique feature of ZnO could be depended on.  As these mixed oxides started 
to form at 250 °C, it is hard to reconstruct the lamellar without formation of these two 
compounds.  For a pure LDH, a ratio of ZnAl HT/ZnO was calculated and represents the 
limiting value to be targeted. The calculation has been done by applying this formula: 
[yZnAl / (yZnAl + yZnO)] x 100 %, where y=intensity of y2-y1. In this case, the intensity of 
ZnAl from diffraction pattern of d(003) is divided by the sum of ZnAl from d(003) intensity 
and intensity of ZnO from diffraction pattern of d(012).      
Under GP method, when the samples were pre-calcined at 300-500 °C, around 
54.2-68 % ZnAl LDH were reconstructed but a significant amount of ZnO and ZnAl2O4 
remained (Crystallography Open Database (COD)-00-038-0486) (Figure 3.11a). 
Materials calcined at 300 °C give the highest purity of LDH (63.1 %), so it was selected 
to compare the effect of Zn:Al atomic ratio on reconstruction (Figure 3.11b), with the 
degree of reconstruction, increasing with Zn:Al atomic ratio, varying over the 63.1-73.0 
%. The trend in both reconstructed ratio and crystallite size are dependent upon Zn:Al 
ratio as shown in Figure 3.12. Higher Zn content appears to lead to the increased 
crystallinity of the ZnAl LDH39,54.  
 
  
 
Figure 3.12 Effect of Zn:Al atomic ratio on the reconstructed ratio (yZnAl / (yZnAl + 
yZnO)) and crystallite size via gas-phase rehydrated ZnAl LDH. 
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b) Liquid-phase ZnAl reconstructed 
 
GP rehydration shows the calcined ZnAl LDH is not fully rehydrated after 48h. 
Hence, rehydration by liquid-phase (LP) (at room temperature, in carbonated water) was 
explored to enhance the catalyst physiochemical properties. The diffraction patterns of 
regenerated hydrotalcite structure following LP rehydration are summarised in Figure 
3.13a-b. Similar to GP method, the presence of ZnO and ZnAl2O4 are still detected 
following LP rehydration. There is an increased crystallite size as the calcination 
temperature of the parent HT is increased from 250-500 °C. Again, these patterns are 
matched with Crystallography Open Database (COD) 00-038-0486 which confirmed the 
reconstruction of ZnAl LDH. The LP method appears to be more effective at 
reconstructing the ZnAl LDH than the GP approach, with the intensity of the d(003) 
reflection significantly more intense relative to the ZnO and ZnAl2O4 features.  
  
 
 
 
 
 
Figure 3.13 XRD patterns of ZnAl LP and its dependent on calcined temperature and 
ratio. The intensity ratio of ZnAl HT/ZnO is denoted in percentage value. 
 
Again the effect of Zn:Al atomic ratio on LP rehydration for 300°C calcined 
samples was explored Figure 3.13b which shows a purity of ZnAl HT/ZnO in a range of 
67-77 %  is obtained which is a slight improvement on the  GP approach. The crystallite 
size (Figure 3.14) was not found to vary with Zn:Al atomic ratio with all having the same 
limiting value as that obtained following GP reconstruction. This experiment proves the 
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calcined oxides can be reconstructed to LDH if the parent temperature is not exceeding 
than 500 °C. Higher parent calcination temperature (700 °C) will inflict a detrimental 
impact on reconstruction due to potential sintering effects occurring which make 
reconstruction impossible39.  
 
 
Figure 3.14 Effect of Zn:Al atomic ratio on the reconstructed ratio (yZnAl / (yZnAl + 
yZnO)) and crystallite size via liquid-phase rehydration of ZnAl LDH. 
 
 
c) Hydrothermal ZnAl reconstructed  
 
In the previous discussion, we focus on rehydration of ZnAl LDH via gas and liquid 
phase. Somehow, rehydration through these methods is promoting the incomplete 
reconstruction of lamellar30. For this reason, hydrothermal reconstruction was introduced 
here. As no publication on alkali-free ZnAl LDH reconstructed via hydrothermal has been 
reported, extended knowledge on this material is essentially required.   
Firstly, the effect of introducing different hydrothermal temperature has been tested 
on different ratios of Zn:Al to establish further understanding on hydrothermal 
temperature dependency. Two different temperatures have been conducted; 100 and 
150 °C. Results in Figure 3.15a reveal ZnAl LDH were easily reconstructed at 
temperature 100 °C with an amount of zinc oxide was detected regardless of its ratio 
either at 2.00:1 or 2.97:1. The most striking result to emerge is from the XRD diffraction 
pattern at temperature 150 °C where ZnO and ZnAl2O4 have failed to reconstruct the 
lamellar structure. Data shown reconstructed ZnAl LDH is not favourable at a higher 
temperature.  
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This result fulfilled the gap in knowledge left from the work done by Kooli et al.39 
where they found ZnAl LDH prepared via hydrothermal-alkali co-ppt were able to 
reconstruct between 80-120 °C under hydrothermal temperature. No higher temperature 
has been tested. They also observed better LDH were formed as hydrothermal 
temperatures were increased accordingly. We obtained a higher intensity peak as the 
ratio was increased from 1.59 to 3.33 as can be can be seen in Figure 3.15b. 
Interestingly, higher purity (82.2 %) of ZnAl LDH was obtained for samples having higher 
Zn:Al atomic ratio (3.33:1) as compared to lower one. An increase in crystallite size is 
also observed at higher Zn:Al atomic ratio (Figure 3.16). Together these results provide 
important insights into a successful reconstruction of hydrothermally treated calcined 
ZnAl LDH, regardless to if the removal of ZnO is impossible in the lamellar structure after 
the calcined-rehydration process due to the rigid formation of ZnO spinel. Most 
importantly, now a clear understanding of how ZnO influences on the purity of 
reconstructed LDH is clearly answered.   
 
 
 
 
 
Figure 3.15 XRD patterns of hydrothermal reconstructed ZnAl LDH. The intensity ratio 
of ZnAl HT/ZnO is denoted in percentage value. 
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Figure 3.16 Effect of ZnAl LDH/ZnO formation and crystallinity over ZnAl HTM ratio.  
 
Table 3.5 The textural parameter of ZnAl LDH reconstructed through gas-phase, liquid- 
phase and hydrothermal approaches.  
Catalyst /Parameter 
aLattice parameter / nm b
Crystallite 
size/nm
 
Intensity  
ratio of ZnAl 
LDH/ ZnO / % 
a  Cc 
Different rehydration/reconstruction approaches (Zn:Al3.33:1 ) 
Gas-phase (GP) 0.307±0.009 2.28±0.12 29±7 73 ± 0.1 
Liquid-phase (LP) 0.307±0.013 2.28±0.09 49±5 77 ± 0.1 
Hydrothermal (HTM) 0.308±0.005 2.28±0.13 53±6 82 ± 0.2 
                       ZnAl hydrothermal series 
Zn:Al 1.59:1 HTM 0.307±0.014 2.28±0.23 39±8 43 ± 0.3 
Zn:Al 2.00:1 HTM 0.307±0.008 2.28±0.17 48±1 63 ± 0.2 
Zn:Al 2.97:1 HTM 0.307±0.001 2.28±0.16 49±2 71 ± 0.5 
Zn:Al 3.33:1 HTM 0.308±0.005 2.28±0.13 53±6 82 ± 0.2 
*a were determined by Bragg equation and b were determined by Scherrer equation 
The XRD results showed that rehydration under hydrothermal condition improved 
the rehydration step with the formation of ZnAl LDH with traces of impure ZnO and 
ZnAl2O4 (Figure 3.17a). However, hydrothermal route gave more crystalline ZnAl LDH 
in comparison with gas and liquid phase rehydration. Unit cell parameters (a and c) 
calculated (Table 3.5) were in a good agreement with literature39 without much change 
irrespective of the rehydration steps and ‘a’ parameter show bigger values than for MgAl 
hydrotalcite because of the higher octahedral ionic radius of Zn2+ over Mg2+., The 
crystallite size of reconstruction steps exhibit crystallite size of 50 ± 5 nm. Among 
different methods rehydration under hydrothermal conditions gave a ZnAl hydrotalcite 
with good crystallinity, higher lattice parameter (Figure 3.17b), less amount of mixed 
oxide impurity and better than liquid/gas phase rehydration. 
0
20
40
60
0
20
40
60
80
100
1 2 3 4
C
rys
ta
llite
 s
ize
 (    )  / n
m
R
e
c
o
n
s
tr
u
c
te
d
 
ra
ti
o
 %
  
( 
  
  
) 
 =
 
yZ
n
A
l
/ 
(y
Z
n
A
l+
y
Z
n
O
)
Zn: Al ratio
Reconstructed
ratio
Crystallite size
HTM
94 
 
 
Figure 3.17 (a) XRD patterns of comparison between different rehydration routes, gas-
phase(i), liquid-phase (ii) and hydrothermal (iii) using Zn:Al3.33:1 catalyst. Cartoon 
depiction shows lattice parameter changes as the reconstruction method changed (b).  
 
3.4.3.4 Nitrogen porosimetry of GP, LP and HTM ZnAl 
LDH 
The N2 adsorption-desorption isotherms of GP, LP and HTM reconstructed LDH 
are presented in Figure 3.18 (a-c) which are consistent with Type II isotherms according 
to IUPAC classification with a type H3 hysteresis loops49. The loop is very narrow and 
becomes more pronounced for the hydrothermal reconstructed samples, having a 
tendency to be most vertical and parallel over a wide range of relative pressure55 
especially at a higher ratio of Zn/Al.  This suggests that hydrothermally reconstructed 
materials tend to have better-developed domains of narrow slit-like pores which are 
attributes from the lattice distance.  
The low surface area in gas-phase rehydration techniques is suspected due to 
steric hindrance produced by OH- and H2O molecules in the interlayer space of ZnAl 
LDH56. Highest surfaces area was obtained for reconstructed materials pre-calcined at 
300 °C which correlated with XRD results where we found more ZnO and ZnAl2O4 formed 
at a higher temperature.  
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Figure 3.18 Left: N2 adsorption-desorption isotherms of ZnAl GP, LP and HTM series (a-
c) where samples i-iv indicating increasing ratio from 1.59-3.33. Effect of rehydration 
routes on surface area is shown in (d) on Zn:Al3.33:1 catalyst. All catalysts were calcined 
at 300 °C.  
 
Figure 3.18d and Table 3.6 summarises the effect of rehydration/reconstruction 
routes on surfaces area. The physiochemical properties of HTM method have a 
significant impact on the surface area where it enhanced ~5 fold compared to GP and 
LP. Through rehydration process under hydrothermal heating, the crystallinity of the 
catalyst has been increased (shown in Table 3.3 before), thus increased the surface 
area simultaneously. Apart than that, no significant effect of ratio on the surface area has 
been observed here. Meanwhile, a very small pore volume has been detected (average 
0.32 cm3 g-1), which in the same agreement with the narrow loops shown above. 
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Table 3.6 BET surface area (SBET) for ZnAl GP, LP and HTM. 
A pore size distribution has been carried out over HTM reconstructed LDH using 
a QuantaChrome Autosorb instrument (under N2 at 77 K) that allows for a more accurate 
determination of micropore distributions (Figure 3.19a). Application of a Density 
Functional Theory (DFT) equilibrium using a model for slit-like pores in a carbonaceous 
material (Figure 3.19b) reveals a good agreement between the fitted and measured 
volume experimental data.  The average pore diameter determined from this analysis is 
in the range of 4.9 nm which is attributed to internal voids and interspacing of HTs57,58, 
with a cumulative pore volume of 0.39 cm3 g-1± 0.77. The high surface area and well-
defined porous structure of the hydrothermal catalyst may offer improved diffusional 
properties under reaction58 and enhanced catalytic performance in the transesterification 
reaction.   
 
Figure 3.19 Pore size distribution and fitting plots for ZnAl HTM.  
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Catalyst /Parameter BET Surface area / m2/g 
Different rehydration/reconstruction approaches (Zn:Al3.33:1) 
Gas-phase (GP) 76±10 
Liquid-phase (LP) 71±17 
Hydrothermal (HTM) 373±17 
ZnAl hydrothermal series 
Zn:Al 1.59:1 HTM 215±31 
Zn:Al 2.00:1 HTM 133±22 
Zn:Al 2.97:1 HTM 373±17 
Zn:Al 3.33:1 HTM 256±23 
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3.4.3.5 Temperature-programmed desorption of CO2 of 
GP, LP and HTM ZnAl LDH 
CO2 chemisorption measurements were undertaken to characterise the basicity 
of the family of reconstructed ZnAl LDH materials. Fundamentally, the binding of CO2 on 
hydrotalcite can be classified into three regions (Figure 3.20); bicarbonate (weakly 
basic), bidentate carbonate (medium basic) and unidentate (strong basic)26,59.  ZnAl GP, 
LP and HTM exhibit a feature characteristic of medium basic sites, with CO2 desorbing 
in the range from 176 °C to 450 °C. This peak is correlated to decomposition of bidentate 
carbonate species, formed from adsorption of CO2 on Brönsted basic sites60. 
 
Figure 3.20 Basicity desorption showing bicarbonate, bidentate carbonate and 
unidentate determined by CO2-TPD of different rehydration/reconstruction approaches 
(a) and ZnAl hydrothermal series spanning from 1.59:1 to 3.33:1 (i-iv) (b).    
 
 Basic site density increases with rehydration, with hydrothermal treatment 
offering more basic sites than gas or liquid phase rehydration (Table 3.7). A summary of 
the textural and basic properties of the reconstructed HT materials having Zn:Al ratio of 
3.33:1 is shown in Figure 3.21, which shows that crystallite size, surface area and base 
site loading increase in the order GP< LP< HTM.   
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Table 3.7 The amounts of basic sites in ZnAl LDH samples.                                     
 
Figure 3.21 Inter-correlations between lattice parameter, crystallite size, surface area 
and basicity of different reconstructed approached in ZnAl LDH.  
 
3.4.3.6 Al-MAS Nuclear magnetic resonance 
spectroscopy of  ZnAl LDH series  
27Al MAS NMR (Figure 3.22) was undertaken to evaluate the arrangement of Al3+ 
sites in the structure of the hydrotalcite. Octahedrally coordinated Al3+ peak present in 
the brucite-like layers observed at 9 ppm in all phases from as-synthesised to 
hydrothermal. Meanwhile, a peak at 66 ppm started to rise after calcination, 
characteristic of tetrahedrally coordinated Al3+ in the mixed oxide. These findings are in 
agreement with Miyazaki et al.61, where two peaks around 6 and 60 ppm attributed to 
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ZnAl hydrothermal series 
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Zn:Al 3.33:1 HTM 0.100 ± 0.054 6.0 ± 1.2 
a,determined by CO2 pulse chemisorption   
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octahedral and AlO4 tetrahedral species respectively. Similar observations were reported 
by Van de Laag et al.62 who observed the formation of zinc aluminate, ZnAl2O4, a type 
of mineral gahnite which has formed along with ZnO during calcination and been 
detected by Al-NMR. Further understanding on how ZnAl2O4 (AlIV) incorporated on the 
surface (alongside with ZnO) after the calcination, regardless of the rehydration step, is 
now revealed and clearly answered.   
 
 
Figure 3.22 27Al MAS NMR spectra of Zn:Al 3.33:1 hydrotalcite obtained at different 
rehydration approaches using 9.4 T magnet spectrometer with 14 kHz spin rates.  
 
3.4.3.7 X-ray photoelectron spectroscopy of  ZnAl HTM 
The surface compositions of the ZnAl HTM series were subsequently analysed 
by XPS. Figure 3.23(a-c) depicts the Zn 2p, Al 2p and O 1s spectra, respectively which 
were calibrated to the C 1s peak at 284.6 eV corresponding to C-C adventitious carbon. 
The C=O carbonates are observed at 286.7 eV (Figure 3.23a). Binding energies and 
assignments were made with reference to the NIST standard XPS database63 and all 
spectra were background subtracted. The Zn 2p  for ZnAl HTM (Figure 3.23b) exhibited 
doublet at 1022 and 1044 eV which corresponding to the spin-orbit split Zn 2p3/2 and 
2p1/2 states respectively.  
Al 2p spectra (Figure 3.23c) can be two deconvoluted into two peaks at 72.4 and 
74.5 eV. These peaks are corresponding to formation of Al in tetrahedral coordination at 
lower BE and bonded to octahedral Al3+ in higher BE. The intensity of Al3+ was found to 
decrease as the Zn: Al ratio increased which is in good agreement with EDX.  
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The O 1s spectra (Figure 3.23d)  exhibit two components at 531 and 533 eV 
which are characteristic of carbonate and hydroxyl environments respectively29. Peak 
deconvolution of all ZnAl HTM series revealed the surface concentration of O2- correlates 
well with the incorporation of Zn2+ into the lattice. 
 
 
 
Figure 3.23 The C 1s, Zn 2p, Al 2p and O1s spectra (a-d) of ZnAl HTM spectra with i-iv 
are the increasing ratio from 1.59 to 3.33 accordingly.        denoted  as envelope,        raw 
data and        HT component.  
 
Relationship of the surface over bulk Zn content can be seen in Figure 3.24 as 
analysed by XPS and EDX respectively. Both surface and bulk Zn were increased as 
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the nominal ratio increased. The total surface ratio is found to be lower than the bulk of 
Zn.  
 
Figure 3.24 Zn surface to bulk ratios determined by XPS and EDX analysis for ZnAl 
HTM LDH.  
 
 
3.4.3.8 Diffuse reflectance infrared Fourier transform 
spectroscopy of ZnAl HTM  
Figure 3.25 shows the DRIFTS spectra of ZnAl HTM series confirming the typical 
profile of reconstructed hydrotalcite64,65. It is known that three main hydroxyl regions are 
expected in Zn hydrotalcite structure with a weak H2O bending appear later 66. A region 
from 3500-3300 cm-1 is attributed to OH- stretching groups which indicates the successful 
addition of water after reconstruction process 59. The band around 3306 cm-1 
corresponded to H2O in the interlayer. Meanwhile, the shoulder appears later at 1660 
cm-1 is referred to a very weak H2O bending vibration.  
C-O vibration appeared between 2809-2895 cm-1 from the environment. 
Unidentate carbonate asymmetric vibration was detected at ~1515 cm-1 ascribed with an 
interaction of metal (Zn2+) as also reported elsewhere56. This unidentate region somehow 
is showing very low-intensity peaks indicating this is not relatively strong basicity site 
exist in the HT. Al-O deformation and Zn-O translation were found later in the region 
wavelength at 857 and 719 cm-1 respectively as proven by Kloprogge et al.67.  
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Figure 3.25 DRIFTS spectra of hydrothermal reconstructed ZnAl LDH in different ratio; 
i) 1.59:1, ii) 2.00:1. iii) 2.97:1 and iv) 3.33:1.  
 
3.4.4 Transesterification of tributyrin over reconstructed 
ZnAl LDH 
The efficiency of the transesterification of TAG with methanol and the catalytic 
activity affected by many parameters. These include the strength and distribution of basic 
sites obtained from a different type of rehydration ZnAl LDH and its ratio, the reaction 
temperature, the catalyst amount and effect of co-solvent in the transesterification 
reaction. Theoretically, this reaction requires using 3 moles of methanol over 1 mole of 
glyceride. In actual fact, however, this reaction requires a large excess of methanol. In 
our studies the methanol to oil molar ratio was adopted 30:1 to allow comparison of 
results with previous studies of hydrotalcite based materials by Cantrell et al.29 and 
Woodford et al.68.  
3.4.4.1 Effect of Rehydration/Reconstruction 
Approaches on GP, LP and HTM ZnAL LDH 
The aim of this section is to investigate the effect of gas-phase, liquid-phase and 
hydrothermal (GP, LP and HTM) rehydration/reconstruction approaches on catalytic 
activity for TAG transesterification, so as to select the optimum method to explore with 
longer alkyl length TAGs. The conversion, selectivity and yield are  calculated as follows:  
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𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏
=  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇0 (𝑚𝑜𝑙𝑒𝑠) − 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇1(𝑚𝑜𝑙𝑒𝑠) 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝐴𝐺 𝑎𝑡 𝑇0 (𝑚𝑜𝑙𝑒𝑠)
  𝑥 100 
 
𝑺𝒆𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 =  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑 (𝑚𝑜𝑙𝑒𝑠)
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑜𝑙𝑒𝑠)
 𝑥 100 
 
𝒀𝒊𝒆𝒍𝒅 = 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑥 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 
TOF was calculated by normalising initial rates derived from the linear portion of 
reaction profiles during the first hour to the base site loadings obtained from CO2 
chemisorption as following:  
𝑻𝒖𝒓𝒏 𝒐𝒇 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 (𝑻𝑶𝑭) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒𝑠 (𝑚𝑚𝑜𝑙𝑚𝑖𝑛−1𝑔−1)
𝐵𝑎𝑠𝑒 𝑠𝑖𝑡𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑚𝑜𝑙𝑔−1)
 
Conversion profiles for the transesterification of tributyrin using Zn:Al3.33:1 GP, 
LP and HTM  were plotted in Figure 3.26a. Meanwhile, in Figure 3.26b, a summary of 
the conversion, selectivity and TOF are compiled. Clearly, a positive trend of conversion, 
selectivity and TOF are observed as follows: gas-phase < liquid-phase < hydrothermal 
approaches. These results are well correlated with their structural parameters. The TOF 
increases with conversion and selectivity as rehydration improves from GP to HTM 
These findings prove ZnAl LDH prepared via rehydration/reconstruction methods 
prompts better catalytic activity due to the higher Bronsted basic strength. This also 
shows that HTM rehydration is more accessible in transesterification reaction compared 
to GP and LP. Conjunction with this, ZnAl LDH reconstructed via HTM techniques will be 
used in the transesterification of C4-C18.  
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Figure 3.26 (a)Tributyrin conversion of reconstructed ZnAl through gas-phase, liquid-
phase and hydrothermal approaches using Zn:Al3.33:1 catalyst. (b) Effect of rehydration 
method on conversion, selectivity and TOF using the same catalyst Conditions: 65 °C, 
100 mg catalyst and 6 h reactions. MB is denoted for methyl butyrate. 
 
In the sub-chapter 3.4.3, comparisons of the physicochemical properties of 
rehydration/reconstruction ZnAl LDH through GP, LP and HTM has been presented and 
discussed. This finding proven ZnAl LDH prepared via HTM reconstruction approaches 
is more catalytically active than others due to these three reasons: 
i)  ZnAl HTM catalyst (ratio 3.33:1) possesses a high surface area (256 m2/g); 
allowing better diffusion of TAG during transesterification and enhanced conversion.  
ii) ZnAl HTM catalyst (ratio 3.33:1) possesses a higher number of base sites (6.0 
x1019 molecules g-1), which catalyse the transesterification, as Lewis bases transformed 
to Brönsted60 after rehydration process.  
Iii) ZnAl HTM catalyst (ratio 3.33:1)  possesses higher crystallite size (53 nm), 
though not really influencing the transesterification reaction, the effect may influence the 
exposure of favoured facets for activation of TAG.  
3.4.4.2 Effect of ratio on ZnAl HTM 
To investigate the effect of Zn:Al atomic ratio on tributyrin conversion, a series of 
hydrothermally reconstructed ZnAl LDH was prepared with Zn:Al atomic ratio 1.59 to 
3.33 were tested for tributyrin transesterification. Conversion profiles and evolution of 
products of each reconstruction methods are summarised in Figure 3.27a.  
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Figure 3.27 Tributyrin conversion of hydrothermal ZnAl at a different ratio (a). conversion 
and selectivity of tributyrin using ZnAl HTM and its catalytic performance (b). The 
reaction involved 50 mg catalyst, at 65 °C, 30:1 methanol: tributyrin ratio, 650 rpm for 24 
hours. 
It is observed that, the TAG conversion and TOF (Figure 3.27b) were greatly 
affected by the increase of Zn content in the following sequence: Zn:Al1.59:1HTM < 
Zn:Al2.00:1HTM < Zn:Al2.97:1HTM < Zn:Al3.33:1HTM. Apparently, the Zn:Al atomic 
ratio in hydrotalcite influences the catalytic performances for tributyrin conversion, with 
initial rate and limiting conversion increasing with Zn content. This trend is similar to that 
reported by Woodford et al.68 except they were using rehydrated MgAl instead of ZnAl. 
 
3.4.4.3 Effect of temperature on ZnAl HTM 
The effect of varying the reaction temperature for transesterification of tributyrin 
using hydrothermal reconstructed hydrotalcite was also investigated at 65 °C, 80 °C, 90 
°C and 110 °C to calculate the activation energy for the reaction. Firstly, 
transesterification reaction has been done on C4 at 65 °C where the conversion observed 
was only 4.25 % with low selectivity (0.49 %). Also, a reaction on C8 and C12 has been 
done at 65 °C using Zn:Al3.33:1HTM catalyst (data not provided). Unfortunately, there 
was no conversion observed at this temperature. In general, the reaction of bulkier TAG 
at 65 °C is problematic.  
Consequently, the temperature was increased to from 80 to 110 °C, tested using 
tributyrin in a pressure flask, while other parameters have remained the same. This result 
is important in order to compare with bulkier TAG which also took place in a pressure 
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flask. The reaction profiles of tributyrin and related TOF can be seen in Figures 3.28a-b 
respectively, which clearly show that higher reaction temperatures lead to increased 
conversion and TOF. It was not possible to increase the temperature above 150 °C due 
to the formation of unwanted species deactivating the catalyst. Another issue is the 
potential collapse of the LDH phase at a hydrothermal temperature of 150 °C as proven 
by XRD. Further investigation needs to be performed in order to prove this assumption. 
The activation energy was determined by measuring how the initial rates varied 
with reaction temperature (80 - 110 °C) as shown in the Arrhenius plot of ln k versus 1/T 
in Figure 3.28c. A straight line was obtained indicating no change in the rate-determining 
step during the experiments and no deactivation was observed69,70. The Activation 
energy (Ea) obtained from the plot was 33 kJ/mol, which is comparable to values 
reported by Chantrasa et al.69 who reported an activation energy of 38 kJ/mol for the 
transesterification of tricaprylin using MgAl hydrotalcite. Singh and Fernando71 reported 
an Ea of 44 kJ/mol using a magnesium methoxide solid catalyst in soybean oil, while the 
use of MgAl HT in the transesterification of poultry fat70. gave an activation energy of 57 
kJ/mol. Overall, it can be concluded that the Ea value from our experiment is in the 
agreement with previous literature as mentioned above. 
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Figure 3.28 Dependence of rate on temperature; (a) Conversion profiles of tributyrin 
using Zn:Al3.33:1HTM at a different temperature, (b) Effect of temperature on TOF and 
selectivity and (c) Arrhenius plot for transesterification of tributyrin.   
 
3.4.4.4 Effect of catalyst mass on ZnAl HTM 
The masses of ZnAl HTM were employed (0, 25, 50 and 100 mg), compared and 
displayed in Figure 3.29a to assess the activity of the catalyst. The rate of tributyrin 
conversion is found to increase with catalyst mass, the reaction is proven to be not 
selective at lower catalyst weight and started to form more FAME as the amount of the 
catalysts were increased (Figure 3.29b). The increasing of rate is expected with an 
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increase in the amount of catalyst used72. This result was due to the increase in the 
amount of available catalytic active sites as the amount of catalyst increased73. 
 
Figure 3.29 Tributyrin conversion of hydrothermal Zn:Al3.33:1HTM at different catalyst 
weight (a). Effect of conversion, selectivity and TOF by ranging the catalyst amount (b). 
Conditions: 110 °C in pressure flask, different catalyst weight, no co-solvent, 650 rpm 
and 24 h reaction.  
 
3.4.4.5 Effect of co-solvent on ZnAl HTM 
In order to explore the catalytic performance of higher TAG (C8, C12 and C18), we 
need to add butanol as co-solvent to aid solubility of reactant in methanol68. Resulting 
reactions in methanol are compared with reactions in which butanol is added as a co-
solvent as shown in Figure 3.30a. In all cases, the calculated TOF decreased as moree 
butanol was added (Figure 3.30b). The addition of butanol may compete with methanol 
for adsorption at base sites leading to lower rates of TAG conversion, thus reducing the 
TOF value significantly. 
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Figure 3.30 Influence of solvent and co-solvent (a) and TOF of tributyrin 
transesterification (b) on Zn:Al3.33:1HTM catalyst. 
The addition of butanol is essential for studying reactions with longer chain TAG 
to reduce mass transfer limitation so even though the rate of reaction is lower this is an 
essential baseline. No additional products have been observed attributes to butanol here 
as can be seen in gas chromatogram of transesterification of TAG (C4) obtained from 
GC-FID (Figure 3.31). Peak 1-3 correspond to the solvent of methanol, dichloromethane 
and butanol respectively. An internal standard of dihexyl ether was observed around 5.6 
minutes (peak number 5). Meanwhile, the products of methyl butyrate, monobutyrin and 
dibutyrin appeared at peak number 4,6 and 7 respectively. Tributyrin was observed 
around 11 minutes (peak number 8). No formation of butyl butyrate appears here. 
 
Figure 3.31 GC chromatogram from transesterification of tributyrin using Zn:Al3.33:1 
HTM catalyst.  
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3.4.5 Transesterification of Model Triglycerides on ZnAl 
HTM 
3.4.5.1 C4-C18 TAG 
The ZnAl HTM were tested for the transesterification of TAGs with C4 to a C18 chain 
length (Table 3.8). Methanol was used both reagent and solvent while butanol is added 
as a co-solvent in order to assist solubility and mass transfer of bulkier TAGs during the 
reaction. Based on results presented in sub-chapter 3.4.3, Zn:Al3.33:1 HTM was tested 
for the transesterification of varying chain length triglycerides, from a model C4 to a C18 
chain length as can be seen in Figure 3.32a-d. Reactions were performed at 110 °C 
using 100 mg catalyst with the addition of co-solvent in order to assist solubility of bulkier 
TAG during reaction68. The reaction was performed immediately after the catalysts are 
ready after the calcined-rehydration process.  
 
Table 3.8 Triglycerides chain length used in this study (C4-C18) 
Triglycerides names Formula structure  
Tributyrin (C4) 
 
Tricaprylin(C8) 
 
Trilaurin (C12) 
 
Triolein (C18) 
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Figure 3.32 Conversion profiles of C4-C18 TAG on Zn:Al3.33:1HTM (a-e) and TOF (f). 
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Tributyrin, C4 is the shortest TAG chain used here and has the highest conversion 
and yield (Figure 3.32a). On moving to a bulkier TAG (C8-C18), slower initial rates have 
been observed in the first 400 min throughout the reactions (compared to C4) indicating 
diffusion limitation is a problem (Figure 3.32b-d).  This factor also has a significant impact 
on conversion, selectivity and TOF value, where those values decreased as well. The 
phenomenon indicating sterically hindered triglycerides has limited the reaction to 
occurred simultaneously. As the initial rates of TAG conversion decrease the observation 
of intermediates (dibutyrin and monobutyrin) increases, which may be attributed to these 
bulkier species being more weakly bound to the surface allowing them to desorb rather 
than react. For a better insight, a comparison of conversion and TOF of C4-C18 are 
summarised in Figure 3.32e-f. These studies demonstrate that as the TAG chain was 
increased from lower to higher (C4-C18), diffusion limitation occurred due to the steric 
hindrance of triglycerides. Increasing the TAG chain suppresses the accessibility of 
interlayer OH- anions, as the diffusion of TAG molecules becomes harder, leading to a 
decreased turnover frequency (TOF) of transesterification74.  
3.4.6 Leaching Test of ZnAl HTM 
To check the stability of the catalyst under reaction conditions a leaching test was 
conducted with the Zn:Al3.33:1HTM catalyst, with the catalyst removed from the reactor 
by hot filtration after 3h of reaction. As illustrated by the reaction profile in Figure 3.33a, 
the conversion of tributyrin was abruptly stopped after removal of the catalyst at 3h and 
gave 28 % of conversion. Moreover, the composition of the products did not change after 
filtering. These results confirm that catalysis was associated with the solid phase 
material, meaning no homogeneity of the catalyst involved here. To further confirm if 
there any changes in the functional group before and after the catalyst was removed, 
DRIFTS study has been done on the biodiesel solution at T0, T3h and T24h. Results are 
shown in Figure 3.33b. Meanwhile the band wavelength is presented in Table 3.9. 
DRIFTS spectra showed no significant changes of the functional groups present at 
or near the surface.. At T0, the vibration of vO-H (3327 cm-1) was detected from methanol 
used. Around 3500 cm-1 is assigned to an olefin vibration. Ester groups (vasC=O and 
vasC-O) have been detected at 1748 cm-1 and 1163 cm-1 in all T0, T3h and T24h 
indicating that no leaching has occurred.   
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Figure 3.33 Leaching profile of for transesterification of tributyrin with methanol using 
ZnAl HTM catalyst (ratio 3.33:1) (a). DRIFT spectra of biodiesel solution taken at T0, T3h 
and T24h(b). Reaction conditions: 100 mg catalyst, 4.98 ml tributyrin, 24.4 ml methanol 
and 1.18 ml dihexyl ether. 
 
Table 3.9 Band wavelength of biodiesel reaction of C4 obtained by DRIFTS.  
 
To further measure the content of Zn and Al in the residues filtered off, ICP-OES 
was used. The method used that as described in Chapter 2. ICP detected a very low 
concentration of metal ions in the solutions (Table 3.10). Only 1.84 % of the catalyst was 
found leached after the reaction. Somehow, this tiny amount seems to not affect the 
conversion value during transesterification reaction and is, therefore, negligible. This 
further confirmed leaching could be disregard here. 
Table 3.10 The concentration of Zn and Al (3.33:1) in leaching tests as determined by 
ICP-OES. 
Sample/ time taken 
Mass concentration / % Total ZnAl leaching 
/ % Zn Al 
Before filter 0.298 0.121  
After filter  1.560 0.700  
Leaching 1.262 0.579 1.84 
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3.4.7 Reusability Study of ZnAl HTM 
The Zn:Al3.33:1HTM catalyst was reused three times Figure 3.34a to further 
assess the stability. During the test, the catalyst was retaining its activity for at least three 
cycles in tributyrin with minimal loss in activity and Zn:Al ratio is almost the same (Table 
3.11). Further characterisation by ICP showed Zn atomic content has also reduced from 
31.53 % to 25.93 %. This further confirmed may be active sites of Zn has been reduced 
throughout the recycles times as the Zn atomic weight decreased after the third cycles. 
Meanwhile, CHNS shows an increase in carbon content after the third cycle. This could 
probably explain the relative loss of Zn and Al content as due to carbon formation on the 
third recycle, which probably built up from incomplete calcination process) which has 
also affected the activity of the recycled catalyst. Conversion, selectivity and the initial 
rates hence decreased accordingly (Figure 3.34b).  
The retained structure of ZnAl HTM was confirmed by PXRD in which we can see 
no shift of 003 reflections occurred in all patterns (Figure 3.35). This indicates no 
changes occurred in the interlayer spacing either resulting from intercalation of 
substrates or products. Somehow, the d(003) intensity has dropped from fresh to the 
third cycle brings the purity of reconstructed ZnAl LDH from 78.4 % to 66.5 % 
respectively. PXRD patterns also depicted a different reflection especially from d(101) 
onwards. This has proven that the lamellar structure has been affected by each cycle, 
thus decreasing the purity of the catalyst. The crystalline structure now has turned to 
amorphous like after third cycles.  
 
Table 3.11 The atomic weight of Zn and Al on fresh and third cycles determined by 
ICP-OES and the carbon content from CHNS on Zn:Al3.33:1HTM catalyst. 
  
Sample 
Atomic concentration / % 
Total ratio 
C content 
from CHNS / 
% Zn Al 
Fresh 31.53 10.36 3.15 1.45 
Third cycle   25.93 8.32 3.11 1.72 
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Figure 3.34 Catalyst recyclability study involved Zn:Al3.33:1HTM for three cycles 
involved fresh, and spent catalysts (2nd and 3rd cycle). 
 
 
Figure 3.35 PXRD patterns of fresh and spent catalysts (2nd and 3rd cycle). The 
intensity ratio of ZnAl HT/ZnO is denoted in percentage value.   
 
 
3.5 Conclusion 
This study makes several noteworthy contributions to the application of 
hydrothermally reconstructed ZnAl LDH materials which are as follows:  
i) The alkali-free co-precipitation (ppt) method that has been adapted for this ZnAl 
LDH synthesis for the first time has shown a superior base sites density and also 
overcomes the common leaching problem obtained from alkali co-ppt method.  
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ii) Reconstruction of ZnAl LDH via hydrothermal methods outdone the 
performances of the gas and liquid-phase rehydration methods in all scopes especially 
in regards to the textural parameter and catalytic reaction.  
iii) Hydrothermally reconstructed ZnAl LDH materials show remarkable promising 
avenue in model chain triglycerides in transesterification reaction matter. These results 
could be extended and adapted for use in the real oil if further improvement of catalyst 
active site accessibility could be improved. Enlargement of pores such as through 
macroporous-mesoporous study could help overcomes diffusion limitation of higher TAG 
and aids the reactivity.  
Based on both results in leaching and reusability studies, it is now affirmed ZnAl 
LDH is a heterogeneous catalyst which leaching is almost negligible. The result from 
recycling study shows a potential reduction of active sites happened in each cycle due 
to the Zn content has found to be reduced after third cycles.  
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4.1 Introduction 
Nano-sized layered double hydroxides (LDHs) have gained great attention and 
been applied in a variety of applications due to its specialty to reconstruct the collapsed 
lamellar structure after calcination-rehydration process1. Recent developments in 
hydrotalcite HT) synthesis have led to a proliferation of studies on various preparation 
steps2–4 and its application in many ways4–6.  
Nowadays, metals such as Ni are receiving great interest from researchers due 
to the promising advantages they possess such as good conductivity, eco-friendliness 
and inexpensive catalysts, and also having the ability to produce various types of host 
structure with high proton mobility7. In terms of catalytic performance, Ni catalysts are 
preferable due to their active phase especially in hydrogenation reactions8, steam 
reforming9, depolymerisation of lignin10 and their ability to be applied as electrochemical 
capacitors4 and high-performance supercapacitors11. Nevertheless, the catalytic activity 
and lifetime of Ni catalysts could vary depending on their physical and chemical 
properties.  
MgAl HT, the common features of Al-based LDH have received huge attention 
over past decades, which includes the effect of the topotactical study (Memory Effect-an 
ability of the lamellar to reconstruct after underwent calcination-rehydration process) 
3,4,12–17. For instance, a straightforward lamellar recovered from MgAl mixed oxides via 
gas-phase rehydration have been widely reported elsewhere18,19. On the other hand, 
ZnAl mixed oxides are not fully reconstructed due to the formation of Al(OH) or ZnO, 
which was detected even though the precursor was calcined at a lower temperature 
(300-400 °C)20. NiAl LDH has been predicted to be hard and challenging to reconstruct 
due to the formation of rigid mixed oxide after the calcination process21,22. Due to that, a 
dearth of studies into the reconstruction of NiAl LDH have been reported compared to its 
mixed oxide (NiO) which has better stability exhibited from the Lewis basic site. 
Nevertheless, calcined LDH has a drawback which attributes to lower catalytic activity1,23. 
Rehydration alternatively exhibits Brönsted base OH- species which are highly 
favourable for base catalysed reactions1,19.  
Generally, reconstruction of NiAl LDH is possible yet needs special conditions 
such as controlling the calcination temperature or the reconstruction time1. In terms of 
synthesis methods, some literature reported NiAl LDH were synthesised using a different 
method such as co-precipitation3,7–9,24, urea hydrolysis16,24 or through a sol-gel 
method7,25.  These methods have their own drawbacks such as exhibiting poor 
crystallinity and poor adherence to the substrate in the catalytic reaction7,26.  
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In addition to the above reasons, it is important to find an alternative to synthesise 
and reconstruct NiAl LDH in order to obtain good morphologies, structural properties and 
at the same time to improve the catalytic performance in the transesterification reaction. 
In the previous chapter, the ZnAl LDH materials were synthesised and investigated under 
gas-phase (GP), liquid-phase (LP) and hydrothermal (HTM) reconstructed conditions. 
From the catalytic results obtained, it was confirmed that HTM ZnAl LDH is more active 
compared to GP and LP in the transesterification of triglycerides. Inspired from that, 
again in this chapter, NiAl LDH has been prepared and reconstructed under similar HTM 
conditions (Scheme 4.1).  
 
Scheme 4.1 Illustration of hydrothermally reconstructed NiAl layered double hydroxides 
(LDHs) applied in a transesterification reaction of triglycerides spanning from C4 to C18. 
 
4.2 Novelty and contribution to knowledge 
Alkali-free NiAl LDH was successfully synthesised for the first time and 
underwent hydrothermal reconstruction method. Also, for the first time, the application of 
these alkali-free catalysts in the transesterification of short and long chain triglycerides 
has been demonstrated.  
4.3 Aim  
The aims of this work were to develop hydrothermally reconstructed NiAl LDH, 
to investigate their physicochemical properties, as well as to explore their effects in 
biodiesel production via transesterification of bulky triglycerides. 
 
4.4 Results and discussion 
A family of NiAl HT materials were synthesised with different Ni:Al atomic ratios 
ranging from 1.5:1 to 4:1 (pH 9.5) via the green free-alkali method according to Woodford 
HYDROTHERMAL RECONSTRUCTED NI/AI LDH
TRIBUTYRIN, C4TRIOLEIN, C18
TRICAPRYLIN, C8
TRILAURIN, C12
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et al.27 and Cantrell et al.28 except the main metal group was changed to Ni2+. NiAl LDH 
underwent calcination at 350 °C followed by reconstruction under a hydrothermal 
process. The successful synthesis has been confirmed via a range of characterisation 
techniques. Catalyst later has been tested in the transesterification reaction involving 
lower to bulkier TAG (C4-C18). The catalytic activity of reconstructed NiAl LDH has been 
studied and thoroughly investigated.  
4.4.1 NiAl LDH Materials Characterisation  
4.4.1.1 Energy dispersive X-Ray spectroscopy of NiAl 
LDH 
Energy dispersive X-Ray (EDX) analysis was carried out in order to determine 
the bulk Ni:Al atomic ratio of the hydrotalcite and results are presented in Table 4.1. The 
bulk ratio was found to slightly deviate from the nominal ratio. As the Ni:Al atomic ratio 
increased from 1.5:1 to 4:1, it was found that Ni2+ content was increased, meanwhile, 
Al3+ content was decreased accordingly. The x value, the ratio between a number of Al 
atoms and sum of Al and Ni atoms (Al/(Al+Ni)), is also in good agreement with the Al3+ 
content. An EDX spectrum revealed that only Ni, O and Al atoms were present in the 
materials, as can be seen in Figure 4.1. No other alkali has been detected, proving the 
successful synthesis of the alkali-free NiAl LDH. 
Table 4.1 The nominal and actual bulk of NiAl LDH atomic ratio. 
Nominal atomic 
Ni:Al ratio 
Ni at% bulk 
(EDX)  
Al at% bulk 
(EDX) 
Bulk atomic 
Ni:Al ratio 
(EDX)  
x=(Al/Al+Ni) 
1.5:1 19.3 11.2 1.7 ± 0.1  0.37 
 2:1  20.7 8.7  2.4 ± 0.2 0.30 
 3:1  21.9 8.3  2.6 ± 0.1 0.27 
 4:1        22.7         5.9     3.9 ± 0.1 0.21 
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Figure 4.1 EDX spectra of Ni:Al3.85:1 LDH precursor. 
4.4.1.2 Thermogravimetric analysis-Mass 
spectrometry of NiAl LDH 
The results from thermal dehydration/decomposition of NiAl LDH precursor in the 
temperature range from 40-800 °C are shown in Figure 4.2i-ii. The profiles show two 
typical steps of weight loss of hydrotalcite. The first transition associated with loss of 
water from the interlayer occurred up to 149 °C (11-14 %)  attributed to the removal of 
intercalated water molecules (Table 4.2).  
The second weight loss was due to a dehydroxylation of LDH layers along with 
the decarbonation process and correlated with the MS analysis shown on peak m/z = 
44.  This transitions occurred around 261-355 °C with 9-12 % weight loss. Total weight 
loss of around 20-24 % is known as a common total weight loss of hydrotalcite27. These 
data are correlated with NiAl LDH formula as shown in Table 4.2. As the Ni loading 
increased, the interlayer tends to expand more as the interlayer basal spacing value 
increases (will be further discussed in the sub-chapter 4.4.1.3). Thus the structure of 
Ni:Al3.85:1 exhibits more opportunity for H2O to bind to the interlayer space which also 
contributes to higher weight loss compared to less Ni ratio in the series.  
The NiAl LDH structural formula was determined by a combination of EDX and 
Thermogravimetric analysis (TGA) weight loss analysis using the formula previously 
mentioned in Chapter 3; [M(II)1-xM(III)x(OH)2]χ+(An-χ/n)·mH2O where m = 0.81 – x29. This 
result correlated with a number of carbonate compounds deposits in the interlayer where 
it decreased with an increase of water amount. The measured amount of CO32- and OH- 
are also a reflection of the presence interlayer anions needed to compensate the divalent 
and trivalent of Ni2+ and Al3+ cations. Differential Scanning Calorimetry (DSC) profiles of 
Ni:Al LDH prepared from 1.72:1 to 3.85:1 showed heat flow steps at 45-232 °C are 
attributed to the absorbed water and dehydroxylation of water in the interlayer. Another 
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heat flow was observed at 270-350 °C is attributed to the loss of carbon dioxide from the 
interlayer anion.  
 
 
Figure 4.2i TGA/DSC with MS profiles during thermal decomposition of NiAl LDH from 
40-800 °C on Ni:Al1.72:1 (A) and  Ni:Al2.37:1 (B). 
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Figure 4.2ii TGA/DSC with MS profiles during thermal decomposition of NiAl LDH from 
40-800 °C on Ni:Al2.64:1 (C) and Ni:Al3.85:1 (D). 
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Table 4.2 Comparison of water and carbonates in experimental and theoretical weight loss of NiAl LDH.  
 
LDH catalyst/ 
weight loss 
Experimental Weight loss / % Theoretical weight loss /%  
NiAl LDH Formula 
H2O exp CO3 exp 
Total 
Weight 
loss/ % 
H2O 
theory 
CO3 
theory 
Total 
Weight 
loss / % 
NI:Al1.72:1 11.0 9.1 20.1 10.1 10.8 20.9 [Ni0.63Al0.37(OH)2].(CO3)0.180.56H2O 
NI:Al2.37:1 11.1 10.2 21.3 10.3 9.0 19.3 [Ni0.70Al0.30(OH)2].(CO3)0.150.57H2O 
NI:Al2.65:1 11.3 12.5 23.6 10.4 8.4 18.8 [Ni0.73Al0.27(OH)2].(CO3)0.140.58H2O 
NI:Al3.85:1 14.1 10 24.1 13.0 6.0 19.0 [Ni0.79Al0.21(OH)2].(CO3)0.100.72H2O 
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4.4.1.3 Powder X-ray diffraction of NiAl LDH 
The as-synthesised, calcined and rehydrated NiAl LDH (ratio 1.72:1 to 3.85:1) 
were analysed by XRD to confirm the formation of pure hydrotalcite (Figure 4.3a-d). 
From the results obtained, its can clearly be seen NiAl LDH precursor possesses definite 
diffraction patterns appearing at 11.4°,23.2°,36.4°,39.3°, 47°, with doublets at 60.1° and 
62.7° (Figure 4.3a). Results are matched with data from the Joint Committee on Powder 
Diffraction Standards (JCPDS) catalogue: 15-0087 resembling a takovite structure30.  
This confirmed that NiAl hydrotalcite has been successfully synthesised. 
 
 
Figure 4.3 Offset wide-angle XRD patterns of as-synthesised NiAl LDH (a), calcined (b), 
comparison on as-synthesised, calcined, gas-phase, liquid-phase and hydrothermal 
reconstructed method on ratio 3.85:1 (c) and NiAl LDH hydrothermal series (d). 
Ni:Al1.72:1, NiAl2.37:Ni:Al1,2.64:1 and Ni:Al3.85:1 are denoted as i, ii, iii and iv 
respectively. The intensity ratio of NiAl HT/NiO is denoted in percentage value.  
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NiAl LDH was calcined at 350 °C following dehydroxylation and decarboxylation 
temperature in TGA-MS. During the calcination, this material shows diminishing peaks 
of hydrotalcite as it gets converted to mixed oxides and an appearance of NiO 
(bunsenite) at 37.4°, 43.9° and 63.3° (JCPDS:04-835) were detected (Figure 4.3b). 
These diffraction patterns matched most of the published findings in the literature31,32. 
No formation of NiAl2O3 has been observed and detected in these calcined series.  
It has been reported that NiAl hydrotalcite reconstruction is rarely occurring due 
to the formation of a rigid spinel after the calcination above 500 °C22. Factors that 
contribute to successful rehydration/reconstruction have been discussed in Chapter 1 
(1.1.4). Reconstruction of NiAl LDH via gas-phase failed as can be seen from the data 
in Figure 4.3c. This is due to the rigid formation of NiO formed during calcination 
process.  To improve it, NiO was rehydrated in a liquid phase and rehydration was found 
to be successful and only 69.5 % was able to reconstruct. This amount is nearly the 
same as in the precursor where rehydration did not occur fully. These results inspired 
subsequent efforts to improve the crystallinity and purity of hydrotalcite by attempting 
reconstruction under hydrothermal techniques. Hydrothermal treatment improved the 
reconstruction towards 90.8 % purity of Ni HT/ NiO. The HTM reconstruction method 
over NiAl LDH gives comparatively higher purity of HT phase in comparison with the 
same method on ZnAl LDH (Chapter 3).  
Alkali-free NiAl LDH series underwent successful hydrothermal treatment at mild 
temperatures (100 °C) as can be seen in Figure 4.3d. Incomplete reconstruction was 
observed at lower Ni content (ratio of 1.72 and 2.37) where the basal spacing of 003 is 
hardly formed.Thus, the intensity ratio of NiAl LDH over NiO is really low (23.4 and 56.3 
%). Further increases of atomic ratio increased the purity of HTM formed toward 90.8 % 
as the d(003) basal spacing increased and the intensity peak got stronger. This shows 
hydrothermal reconstruction is influenced by the Ni and Al content in LDH where the 
ordered LDH was reformed. NiAl2O4 were also detected in the hydrothermal structure 
where previously it could not be detected in calcined samples as shown in XRD.  
The effect of changing the hydrothermal Al content (x value) on basal spacing 
d(003), crystallite size and lattice parameter (a and c), can be seen in Table 4.3 and 
Figure 4.4a-b. Basal spacing d(003) decreases with increasing Al content, or increases 
with Ni content as discussed earlier.  Crystallite size, the value of average cation-cation 
distance a, and the thickness of the brucite c, are increased as the Ni content were 
increased. These results are correlated with the previous ZnAl LDH presented in sub-
chapter 3.4.1.3. The reason behind this is due to increased cation content which 
increases the electrostatic attraction between the positive cation and negative anion in 
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the interlayer, thus interlayer distance will be expanded and crystallite size will be 
increased33.  Overall, hydrothermal techniques improved the textural parameter of NiAl 
LDHs compared to the as-synthesised materials. 
Table 4.3 The textural parameter of basal spacing d(003), lattice parameter and 
crystallite size of NiAl LDH precursor and hydrothermal. 
Parameter / catalyst d003 / nm 
aLattice parameter / nm bCrystallite 
size / nm a c 
NiAl LDH precursor 
Ni:Al 1.72:1 AS 0.74±0.01 0.302±0.016 2.26±0.13 5.0±0.3 
Ni:Al 2.37:1 AS 0.74±0.01 0.302±0.017 2.24±0.06 5.1±0.3 
Ni:Al 2.65:1 AS 0.74±0.02 0.303±0.017 2.26±0.03 5.5±0.2 
Ni:Al 3.85:1 AS 0.75±0.02 0.305±0.018 2.29±0.08 5.8±0.4 
NiAl LDH hydrothermal 
Ni:Al 1.72:1 HTM 0.73±0.01 0.300±0.016 2.25±0.12 4.1±0.3 
Ni:Al 2.37:1 HTM 0.74±0.01 0.301±0.018 2.29±0.01 5.6±0.2 
Ni:Al 2.65:1 HTM 0.74±0.01 0.302±0.018 2.29±0.05 8.7±0.2 
Ni:Al 3.85:1 HTM 0.77±0.05 0.304±0.017 2.32±0.17 9.1±0.3 
 
 
Figure 4.4 Effect of Al content on basal spacing d(003), crystallite size and lattice 
parameter (a and c). 
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4.4.1.4 Nitrogen porosimetry of NiAl AS and NiAl HTM 
All eight NiAl compilation isotherms (precursor and hydrothermal) are plotted in 
Figure 4.5a-b. The data show Type II isotherms with H3 hysteresis loops based on the 
IUPAC classification34. Figures were offset for clarity.  Narrow loops again have been 
observed in most of the samples and are more pronounced in the hydrothermal samples. 
This contributes to the higher surface area as depicted in Table 4.4. Generally, no trend 
of increasing or decreasing surfaces area has been observed across the series of 
hydrothermal samples. This concludes NiAl loading does not influence the surface area. 
Somehow, the surface area of ratio 1.72:1 and 3.85:1 were slightly higher after 
hydrothermal treatment. The reason behind this is might be due to the increased growth 
and expansion of crystal as being induced by water and heat from the hydrothermal 
process at the same time. 
 
Figure 4.5 Stacked adsorption-desorption isotherms of NiAl LDH precursor and 
hydrothermal series. i-iv are the ratio of Ni:Al synthesised from 1.72:1, 2.37:1, 2.65:1 and 
3.85:1.  
 The effect of rehydration under hydrothermal time has been studied by 
Kovanda et al.35 via alkali-precipitation method. They observed the effect of different 
hydrothermal time (2 h, 4 h and 20 h) on the synthesis of NiAl LDH. They found that BET 
surface area was increased 17 m2/g from the original value after a short (4 h) 
hydrothermal treatment. Somehow, the BET surface area was decreased after a longer 
(20 h) hydrothermal treatment, which is in agreement with Kovanda et al. 36 and Saiah 
et al.37. This could be explained by the unambiguous process of dissolution of Ni(Al)O 
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surface area as we are not measuring that particular parameter specifically.Another 
possible reason that could decrease the BET surface area might be due to pore blockage 
as Ni tends to form agglomerates when the Ni loading was increased8.  
Table 4.4 BET surface area (SBET) for NiAl precursor and hydrothermal LDH.  
Ni:Al ratio BET Surface area / m2/g 
NiAl LDH precursor 
1.72 123±25 
2.37  154±11 
2.65  236±13 
3.85 77±20 
NiAl LDH hydrothermal 
1.72 177±5 
2.37  152±4 
2.65  207±6 
3.85 129±5 
 Again, a more accurate pore has been measured by DFT method34 using 
QuantaChrome Autosorb instrument (under N2 at 77 K) and results are presenting in 
Figure 4.6a-b. The plot for NiAl HTM clearly exhibits at 3.5 nm (Figure 4.6a) 
corresponding to mesopores with attributes that include internal void and interlayer 
spacing38,39. These results are also in agreement with those reported by Meher et al.38 
and Wei et al.39 where the cumulative pore volume of the mesoporous samples~2.4-3.7 
nm. The fitted and measured pore volumes are identical as can be seen in Figure 4.6b. 
As NiAl LDH exhibits high surface area, the pathway of mass transport in 
transesterification reaction is permissible. 
 
Figure 4.6 Pore size distribution and fitting plot for NiAl LDH. 
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4.4.1.5 Scanning electron microscopy of NiAl LDH 
The morphologies of catalyst were further characterised by SEM (Figure 4.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 SEM images NiAl LDH (ratio 3.85:1) at different stages; the precursor (A) 
undergone calcined (B) and hydrothermal reconstruction (C) respectively. 
A 
C 
B 
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SEM images of NiAl HT showed morphology was changed upon calcination and 
rehydration processes, yet the hexagonal structure remains intact. HTM images showed 
the ‘Memory Effect’ of NiAl LDH has been regained. 
4.4.1.6 High-resolution scanning transmission electron 
microscopy of NiAl LDH 
Samples were subsequently analysed by HR-STEM to screen the morphology of 
precursor and HTM as depicted in Figure 4.8.  
 
Figure 4.8 HR-STEM images of NiAl LDH with comparison with as-synthesised (A) and 
after hydrothermal (B) reconstruction techniques on Ni:Al3.85:1 catalyst. 
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The assemblies of the whisker-like structure were observed on the precursor. 
According to Nishimura et al.15, these features are due to the initial crystallisation of 
nuclei prior to the formation of hexagonal LDH structures. Lattice fringes on the precursor 
show that 0.33 nm corresponding to d(110) is slightly higher than data obtained from 
XRD on lattice parameter, a but still in the range of hydrotalcite lattice fringes. Lattice 
fringes of Ni/Al HTM at 0.31 nm are in the same agreement of lattice parameter a. 
4.4.1.7 Solid-state Al-NMR of NiAl LDH 
Al MAS-NMR spectra of fresh, calcined and hydrothermal reconstructed structure 
are presented in Figure 4.9. The main peak observed at 9.7 ppm representing a 
characteristic of octahedral aluminium (AlVI)1,40 where this peak does not change over 
calcined-rehydration techniques. Calcination has induced the formation of tetrahedral 
alumina, AlIV (NiAl2O4) at 65 ppm, which somehow has not been detected by XRD. This 
peak reappeared with low intensity after hydrothermal reconstruction. These data 
affirmed that NiAl2O4 was present in calcined samples and remains after reconstruction 
via hydrothermal treatment as proven by XRD.  
 
 
Figure 4.9 27Al MAS NMR spectra of Ni:Al3.85:1 hydrotalcite obtained at different stages 
approaches using 9.4 T magnet spectrometer with 14 kHz spin rates.  
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4.4.1.8 Diffuse reflectance infrared Fourier transform 
spectroscopy of NiAl AS and NiAl HTM  
DRIFTS spectra of NiAl LDH series are presented in Figure 4.10a-b. The broad 
band around 3540 cm-1 is attributed to the stretching vibration of the O-H groups both in 
hydroxyl layers and interlayer water molecules41. Another weak bending mode of water 
is observed approximately around 1640 cm-1. The difference between as synthesised 
and hydrothermal spectra can clearly be seen at OH functional group where the broad 
peaks were detected in the precursor compared to in hydrothermal treatment. This is 
possibly due to the amount of OH in the precursor are greater compared with a 
hydrothermal which underwent calcination process prior to that.  
Calcination removed the water content during dehydration and dehydroxylation 
process. Upon rehydration, less than 100 % of the morphology has been recovered in 
the interlayer (proven by XRD whereby LDH were not fully reconstructed), hence the OH- 
vibration detected by DRIFTS were significantly weaker compared to the precursor. A 
stretching of carbonate ions is observed as a sharp band at 1353 cm−1. Bidentate 
carbonates are observed around 1443 cm−1. The small peaks found around 750 cm−1 
confirmed the presence of some nickel hydroxide. 
 
Figure 4.10 Stacked DRIFTS spectra of NiAl AS (a)and NiAl HTM (b) where i-iv 
represents the Ni:Al ratio from 1.72:1 to 3.85:1 respectively.  
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4.4.1.9 Temperature-programme desorption of CO2 of 
NiAl HTM 
In order to probe the basicity of the samples, temperature programmed 
desorption (TPD) profiles of the hydrothermal NiAl LDH are illustrated in Figure 4.11. 
From this profile, we can clearly see only one distinctive region detected on NiAl 
hydrotalcite samples. No bicarbonates group (weakly basic) detected on the catalyst at 
low temperature (100-200 °C). Bidentate carbonates are detected at a medium 
temperature from 201-380 °C. Meanwhile, the interaction of strong CO2 in unidentate 
was found from 390 °C onwards. This indicates reconstructed hydrotalcite consists of 
two types of interactions which are Ni-O (bunsenite) and Ni2AlO4 which still remain after 
rehydration under hydrothermal conditions (proved by XRD).  
 
Figure 4.11 CO2-TPD profile of NiAl hydrothermal reconstructed hydrotalcite series from 
1.72-3.85 (i-iv).  
 
There is no desorption peak observed at 450 °C which indicates that NiAl LDH 
only contained a medium basic site. Somehow, a bump of unidentate was observed in 
sample iv (3.85:1) might represent an amount of unidentate exists in this sample which 
correlated to the highest basicity among the series. This also proved that basic strength 
is increased with Ni/Al content.  The basicity strength definitely will have an impact 
towards transesterification reaction as the reaction is favoured by a strong basic site 
catalyst. Basicity gradually increased as the Ni content increased as tabulated in Table 
4.5. A comparison with precursor active sites is also included in this table. 
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Table 4.5 The amounts of basic sites in NiAl LDH samples. 
a,b
Determined by CO2 pulse chemisorption 
4.4.1.10 X-ray photoelectron spectroscopy of NiAl HTM 
XPS was employed to probe the surface structural information42 of NiAl 
hydrothermal reconstructed LDH. All spectra have been energy calibrated to adventitious 
carbon at 284.6 eV and background subtracted. Ni/Al HTM series were successfully 
synthesised and have been compared with pure Ni(OH)2 standard sample (JCPDS 
380715) and using NIST standard XPS database43,44. Many kinds of literature are 
reported Ni 2p spectra appears as a mixture of NiO and Ni(OH)2 from the region of 853.7 
to 855.7 eV and making it harder to distinguish them due to these three major reasons45–
47:multiple splitting from complex structures of Ni 2p spectra48–50, shake-up satellites and 
plasmon loss structure50–52 due to the probability of interaction between photoelectron 
and other electrons. Somehow, these assumptions have been denied and proven by 
Biesinger et al.53 that those two NiO and Ni(OH)2 possess different binding energies and 
spectra as can be seen in Scheme 4.2. 
 
Scheme 4.2 Comparison of NiO and Ni(OH)2 XPS spectra obtained from 
http://xpssimplified.com/elements/nickel.php.  
Sample 
Number of  
active sitesa /  
mmol g-1 
Base site  
densityb         
 / molecules g-1  
NiAl LDH precursor 
Ni:Al1.72:1AS 0.014 8.6 x 1018 
Ni:Al2.37:1 AS 0.010 6.2 x 1018 
Ni:Al2.64:1 AS 0.074 4.5 x 1019 
Ni:Al3.85:1 AS 0.023 1.4 x 1019 
NiAl LDH hydrothermal 
Ni:Al1.72:1HTM 0.062 3.7 x 1019 
Ni:Al2.37:1HTM 0.066 4.0 x 1019 
Ni:Al2.64:1HTM 0.072 4.4 x 1019 
Ni:Al3.85:1HTM 0.099 6.0 x 1019 
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The spectra depicted shifted regions between Ni 2p3/2 and Ni 2p1/2 peaks.  A clear 
multiplet split of Ni 2p3/2 and Ni 2p1/2 can be seen on NiO spectra around 855 and 875 eV 
respectively. Meanwhile, no multiplet was detected on Ni(OH)2 on both Ni 2p3/2 and Ni 
2p1/2 peaks. Thus in here, we choose Ni(OH)2 as the standard to be compared with our 
NiAl LDH catalyst. Even though XRD measurement detected NiO in the reconstruction 
phase, due to its multiplet split peak, as shown above, deconvolution of its spectra would 
be a real challenge53.  
The resulting Ni 2p, Al 2p and O1s spectra are shown in Figure 4.12a-c. XPS 
results from Ni 2p spectra reveals that Ni(OH)2 is mainly governed at the surface. Ni 2p 
(Figure 4.12a) spectra displayed four spectra with the main peak at 872 and 854 eV 
indicating the core binding energy of Ni 2p1/2 and Ni 2p3/2 regions45,54. Their satellites were 
detected at 879 and 860 eV respectively. The split spin-orbit component is found to be 
18 eV in the range of common Ni 2p spectra (17.3 eV). Reconstruction of NiAl layered is 
affirmed by the intense peak of Ni 2p3/2. Meanwhile, the successful re-cooperation of Ni 
in the interlayer can be confirmed by formation of a lower Ni 2p1/2 peak. NiAl LDH intensity 
was found to increase with the increasing Ni content on the surfaces.  
Two peaks of Al 2p spectra were depicted in Figure 4.12b with two convoluted 
peaks found at 74 eV corresponding to Al octahedral and Al tetrahedral respectively.  Al 
octahedral was detected at 74 eV representing the Al 2p binding energy of Al-O 
interaction. Meanwhile, Al-tetrahedral was detected at lower binding energy (73.6 eV). 
This finding is correlated with Al-MAS NMR results which found higher Al intensity in 
octahedral structure instead of tetrahedral.  
 From the deconvolution of O 1s spectra (Figure 4.12c), two main binding energy 
were detected at the region of 531 and 533 eV. These correlate to the existence of O in 
CO32- and O in OH- in the interlayer. Again, the intensity was increased as the Ni content 
increased.  
Figure 4.13 shows the linear relationship between surface and bulk NiAl LDH as 
determined by XPS and EDX respectively. As the content was increased, the ratio of 
Ni/Al in the surface and bulk were increased accordingly. Somehow, the ratio in the 
surface was found to be lower compared to the ratio of Ni/Al detected in the bulk. This 
result is expected as XPS is a surface sensitive, thus it only recognised atom on the 
surface instead of in the bulk.  
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Figure 4.12 XPS spectra of NiAl HTM represents (a) Ni 2p, (b) Al 2p and (c) O 1s. The lower to a higher ratio of Ni:Al is denoted as i-iv respectively.     
.        denoted  as envelope,        raw data and        HT component.  
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Figure 4.13 Ni surface to bulk ratios determined by XPS and EDX analysis for NiAl HTM 
LDH.  
 
4.4.2   Kinetic transesterification of tributyrin over NiAl HTM 
 4.4.2.1 Effect of ratio on NiAl HTM 
To observe the effect of NiAl HTM ratio in the transesterification of triglycerides, 
reactions have been run on lower TAG chain (C4). Results of a profile reaction at different 
loading at 110 °C are shown in Figure 4.14a-b. As the Ni content was increased from 
1.72-3.85, the conversion increased simultaneously (Figure 4.14a). The data in Figure 
4.14b reveals the relationship of NiAl HTM loading with initial rates and TOF. A significant 
correlation can be recognised between composition and basicity; once the amount (ratio) 
of Ni2+ increases, the basic strength increases significantly23,55. Thus, enhancement of 
catalytic reaction occurred simultaneously throughout the series.   
Our CO2-TPD results also confirmed that the strength of basic sites is interrelated 
with Ni:Al ratio.  It is worth remarking that changing the elemental composition of the 
cation or anion,  positively alters the bulk structure of NiAl LDH, thus it correlates with 
their basicity and influence on catalytic activities1. These data confirmed that conversion 
of tributyrin strongly depends on Ni content in the same manner as reported by Liu et 
al.56.  
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 Figure 4.14 Tributyrin conversion using NiAl HTM at different ratios (a). Effect of 
catalytic activity on Ni:Al ratio of hydrothermal reconstructed hydrotalcite. (b). The 
reaction involved 100 mg catalyst, at 110 °C, 30:1 methanol: tributyrin ratio, 650 rpm for 
24 hours. 
4.4.2.2 Effect of temperature on NiAl HTM  
Effect of temperature on reaction condition has been investigated and results are 
depicted in Figure 4.15a. Initially, reactions were carried out in a normal round bottom 
flask at 65 °C (using 3.85:1 catalyst), gave a higher conversion compared to a reaction 
at80 °C, somehow the selectivity observed was relatively low (6.1 %).  (Figure 4.15b). 
Hence, the temperature has been increased from 65 °C to 80 °C, 90 °C and 110 °C in a 
pressure flask following results discussed in Chapter 3 (3.3.4.3). Selectivity increased 
tremendously in a pressure flask where reactions were done at 80 °C, 90 °C and 110 °C. 
Results show a relative temperature dependence here. The selectivity value reached a 
near plateau at 89 % in this temperature range. Meanwhile, conversion and TOF 
increased linearly with increasing temperature. As the molecules were heated, the 
average speed of collision will be increased, thus increasing the activation energy.   
The activation energy was calculated and depicted in Figure 4.15c. The 
activation energy of NiAl HTM is 46 kJ/mol, much higher than the activation energy of 
ZnAl HTM (38 kJ/mol) discussed in sub-chapter 3.3.4.4. This value is still in the range 
of solid base catalyst especially layered double hydroxide17,57,58; as low as 38 kJ/mol for 
MgAl HT57 to the highest of 222 kJ/mol with the addition of polystyrene in NiAl LDH17 
which is normally found in the transesterification reaction.  
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Figure 4.15 Dependence of rate on temperature using Ni:Al3.85:1 catalyst; (a) 
Conversion profiles of tributyrin using NiAl HTM at a different temperature, (b) Effect of 
temperature on TOF and selectivity and (c) Arrhenius plot for transesterification of 
tributyrin.   
4.4.2.3 Effect of catalyst weight on NiAl HTM 
Effect of catalyst weight on the catalytic performance of transesterification of 
tributyrin is given in Figure 4.16. Results revealed that conversion increased with 
catalyst amount added in the reaction. At 25 mg and 50 mg, only 13.8 % and 14.2 % 
tributyrin were converted respectively. When the catalyst loading was increased to 100 
mg, 45.3 % conversion was obtained. This also proven that catalyst amount has a 
significant impact on the rate of reaction, thus the initial rates improved significantly. As 
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this reaction has been done at a higher temperature (110 °C), the selectivity was 
maintained around 88 %.  
 
Figure 4.16 Tributyrin conversion using NiAl hydrothermal at different catalyst weight 
(a). Effect of conversion, selectivity and initial rates by ranging the catalyst amount (b). 
Conditions: 110 °C in pressure flask, different catalyst weight, 650 rpm and 24 h reaction. 
 
4.4.3   Transesterification of model compound triglycerides 
4.4.3.1 C4-C18 TAG reactions 
In accordance with the above results, this section will demonstrate the 
compilation of TAG conversion, yield, selectivity and TOF of a TAG series involved in 
this study; spanning from C4 to C18.  Only Ni:Al3.85:1HTM will be presented here. It is 
useful to note that all reactions took place with the addition of butanol in order to enhance 
the catalytic activity, especially on the bulkier TAG as discussed in the previous chapter. 
Formation of reactant, product, intermediate (dibutyrin and monobutyrin) and internal 
standard can be seen in the GC chromatogram as shown Figure 4.17. Meanwhile, 
glycerol normally is not detected in the GC indicating very small (or none) of the substrate 
has been converted to glycerol. The effect of TAG chain from C4-C18 on 
transesterification reaction can be seen in Figure 4.18a-e. The effect of Ni ratio on C4 
has been presented in sub-chapter 4.4.2.1 and here the conversion profile under the 
best catalyst is depicted in Figure 4.18a. A similar trend of all TAG series has been 
discovered on NiAl HTM and is the same as in ZnAl HTM. 
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Figure 4.17 GC chromatogram from transesterification of tributyrin using NiAl HTM 
catalyst with C4 triglycerides at 110 °C. 
 
Among all, C4 TAG produces the highest conversion, yield, selectivity and TOF 
value as those tabulated in Figure 4.18. Tributyrin reaction has been converted around 
45.3 % with 12.3 mmol of yield and 81.8 % selectivity. TOF is calculated by dividing initial 
rates (mmol g-1 min-1) over a number of active sites (mmol g-1).  To assess the catalytic 
activity in bulkier TAG, transesterification reaction proceeded in C12 and C18 TAG (Figure 
4.18c and d).  A small conversion (13.5 %) is observed with C12 and no conversion has 
been observed with C18 TAG. As previously mentioned, solid base catalysts are very 
effective for transesterification reactions, unfortunately, in NiAl LDH cases, they cannot 
transesterify fatty acids of triolein to FAME59 and it was noticed that a rapid deactivation 
occurred here. As the TAG series was increased from C4 to C12, conversion and 
selectivity were decreases accordingly. Interestingly, there is no conversion/ selectivity 
observed on C18. As mentioned earlier, the increment of the TAG length will significantly 
reduce the conversion and selectivity value. Bulkier TAG will limit the mass diffusion 
transfer of the catalyst, thus affecting the yield and conversion in the end. These findings 
further support the action that transesterification using NiAl HTM only favours lower TAG 
and we postulate that the reaction would be even more difficult if attempted  with the real 
oil. There was a significant correlation between TAG series and conversion, selectivity, 
initial rates and TOF.  
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Figure 4.18 Comparison of conversion, selectivity and TOF from C4-C18 using  
Ni:Al3.85:1 catalyst. Conditions: 110 °C in pressure flask, 650 rpm and 24 h reaction.
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4.4.4 Leaching study of NiAl HTM 
To test the heterogeneity of the NiAl HTM catalyst in the system, a leaching test 
was undertaken60 (Figure 4.19a-b). At a reaction time 3 h, the catalyst was isolated by 
filtration and washed with methanol. The reaction was resumed immediately afterward. 
   
 
Figure 4.19 Leaching profile of thetransesterification of tributyrin with methanol using 
Ni:Al3.85:1 HTM catalyst (a). FTIR spectra of biodiesel solution taken at T0, T3h and 
T24h (b). Reaction conditions: 100 mg catalyst, 4.98 ml tributyrin, 24.4 ml methanol and 
1.18 ml dihexyl ether. 
 
Figure 4.19a shows the reaction profile of a normal run and a comparison profile 
of a leaching study of the 24 h reaction. The tributyrin profile shows constants conversion 
around 5 % after the catalyst was removed from the system. No significant difference of 
the functional group was detected by Fourier transform infra-red (FTIR) indicating no 
changes have occurred in the solution after the removal of the catalyst (Figure 4.19b). 
In this study, biodiesel supernatant was governed by three major functional groups which 
detected around 2874 cm-1 (CH2 vibration), 1736 cm-1 (C=O vibration) and 1167 cm-1 (C-
O asymmetric vibration).  
Furthermore, NiAl content was determined by ICP-OES analysis in both the T0 
and T24 h solutions. Results showed very low leaching occurred (0.22 %) after the 
catalyst was removed by filtration which means that leaching could be disregarded (data 
not shown). Somehow, this amount is still acceptable and depends on its stability in a 
reusability experiment.  
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4.4.5 Reusability study of NiAl HTM 
A reusability study (Figure4.20a-b) was conducted to test the stability of the 
catalyst towards reproducibility over multiple reactions without having any significant loss 
of its content or structure60. Figure 4.20a depicts the reaction profile of the 
transesterification reaction over three-time cycles. Results show an expected significant 
loss in each cycle. Conversion, selectivity and TOF were decreased simultaneously with 
the increasing number of reusability times (Figure 4.20b). This could be because the 
Brönsted sites of the catalyst are being poisoned by the reaction medium such as 
glycerol, alcohol or methyl ester61, thus decreasing the activity in each cycle.  
 
 
Figure 4.20 Catalyst recyclability study involving Ni:Al3.85:1HTM for three cycles. 
Conditions: 110 °C in pressure flask, 650 rpm and 24 h reaction. 
 
Apart from that, the decreasing activity after the third cycles could be explained 
by some changes observed in PXRD diffraction patterns (Figure 4.21). PXRD affirmed 
no significant shift in d(003) basal spacing indicating no inter-lamellar changes occurred. 
However, the crystallinity of the catalyst has been affected after the third cycles, which 
later promotes to the more amorphous-like structure. ICP-OES confirmed a minimal loss 
of Ni and Al content after the third cycles as can be seen in Table 4.6. This also proves 
that hydrotalcite is a heterogeneous catalyst and recyclable as reported by Lal et al. 61.   
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Figure 4.21 PXRD patterns of fresh and spent catalysts (3rd cycle). 
Table 4.6 Atomic weight of Ni and Al on first and third cycles determined by ICP-OES.   
Sample 
Atomic concentration / % 
Total ratio 
Ni Al 
Fresh 64.96 15.80 3.96 
Third cycles  55.84 13.71 3.37 
 
4.5 Conclusion 
In this chapter, alkali-free NiAl LDH was successfully synthesised for the first time 
and underwent the hydrothermal reconstructed process. The catalysts have been used 
in the transesterification of C4-C18. Hydrothermal approaches have displayed changes in 
the textural and morphology properties of the catalyst. Even though the basal spacing 
was increased after undergoing hydrothermal treatment, there were no substantial 
changes observed in lattice parameter a, and only slightly changes in the crystallite size. 
Hydrothermal NiAl HT also active in transesterification reaction, due to it having a 
positive correlation with basicity, which gave the substrate more chances to interact in 
the transesterification reaction. The reactions were optimised under temperature, ratio 
and catalyst weight variables, where active conversion and TOF were highly reported at 
optimum conditions. Tributyrin (C4) reached about 45.3 % conversion. Though the basic 
strength has increased via the hydrothermal reconstruction method, no conversion has 
been observed in C18 reaction. This indicates that basic strength is not the only parameter 
needed in this reaction, but more improvement of pore architecture is required to enable 
the macroporous catalyst to enhance activity. A very small amount of leaching (0.22 %) 
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has been observed in this study and is almost negligible. NiAl LDH showed stable 
durability over three recycles periods, which also proves the reproducibility of the 
catalyst.  
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5.1 Introduction 
In Chapter 3 and 4, we have portrayed how to overcome the mass transport 
limitation in triglycerides (TAG) transesterification via changing the textural properties,  
morphology and basicities of layered double hydroxide (LDH) through hydrothermal 
reconstructed method. Although the outcomes were dramatic in terms of the catalytic 
enhancement, further improvement is still required in order to overcome the limitation of 
rates, especially in C18 TAG.  With this considered, the development of macroporous 
LDH could possibly be the best solution to the mass transfer limitation of bulkier TAG. 
There are a number of methods of synthesising macroporous LDH materials that 
have been previously reported, which and are listed in Table 5.1 along with the 
advantages and disadvantages associated with each method. Our macroporous 
synthesis is based on the work from Woodford et al.1 where they modified the method 
from Géraud et al.2. Polystyrene (PS) has been chosen for the production of 
macroporous MgAl hydrotalcite due to the facile synthesis and scale up (emulsifier-free 
method)1 whilst simultaneously being easy to remove by dissolution or calcination2. The 
large diameter of polystyrene (around 3501 nm for the conditions chosen in this work) 
empowers it to be used as a macroporous template (Scheme 5.1).  
 
Scheme 5.1 Polystyrene templating route to transform ordinary layered double 
hydroxide into a macropore network.  
Side view Top view 
+
Polystyrene
Macroporous HT
Hydrotalcite(HT)
Calcined-rehydrated
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Table 5.1 Collection of methodologies implemented for the synthesis of macroporous 
LDH materials. 
Synthesis 
type 
Method 
used 
Advantages  Disadvantages References 
Mesoporous-
macroporous 
MgAl HTs  
Combination 
of paraffin 
emulsion, 
surfactant 
and sol-gel 
transition 
Well-defined 
hierarchical 
mesoporous-
macroporous 
exhibited high 
specific surface 
areas and pore 
volumes 
Emulsion droplets 
caused unordered 
packed on the slit-
like shape 
mesopores, also 
entrapped the 
paraffin droplets in 
macropores 
3 
Macroporous 
MgAl HTs 
Alkali-free 
and 
polystyrene 
templated  
Enhances the 
diffusion of 
bulkier TAG 
(C18) in 
transesterification 
reaction  
-Base sites 
accessibility 
towards different 
TAGs series 
remains 
challenging 
-Direct 
measurement of 
intrapore 
molecular diffusion 
coefficients is 
extremely difficult.  
1 
Macroporous 
MgAl HTs 
Used ‘inverse 
opals 
method’ with 
polystyrene 
beads   
Could be used to 
overcome 
diffusions 
limitation in 
reactions.  
Not successfully 
removed PS by 
dissolution method 
as proven by IR 
spectrometer  
2 
Macroporous 
perovskite-
type 
complex 
oxide 
catalysts of 
La1–xKxCo1–
yFeyO3 
Combination 
of organic 
ligation of 
ethylene 
glycol and 
methanol   
High catalytic 
activities for 
diesel soot 
combustion  
Depend on the 
amount of 
methanol added. 
Macroporous tend 
to collapse if 
amount of 
methanol is not 
adequate  
4 
  
Woodford et al.1 have reported that macroporous HT offered nearly 10-fold rate 
enhancement over the bulkier TAG, C18 where a thin-walled mixed oxide framework was 
created containing large macropore voids via PS hard sphere templating. This 
remarkable outcome has motivated us to study and apply the same concept in ZnAl LDH.  
The aim of this section is to investigate and compare the catalytic activities of 
conventional HT and macroporous HT of both MgAl and ZnAl hydrotalcites.  
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5.2 Novelty and contribution to knowledge 
In this chapter, all conventional catalysts (MgAl LDH and ZnAl LDH) were 
synthesised using the alkali-free method as mentioned before. We report the novel 
synthesis of macroporous ZnAl LDH (later will be referred as MacroZnAl) using the alkali-
free method according to the methodology by Woodford et al.1 to be compared with 
conventional ZnAl LDH (later will be referred as ConvZnAl) as previously discussed in 
Chapter 3. Alkali-free conventional MgAl LDH (later will be referred as ConvMgAl),  and 
macroporous MgAl LDH (later will be referred as MacroMgAl), also were synthesised 
according to the same method. The relative abilities of MgAl and ZnAl conventional and 
macroporous LDH for the transesterification reaction of lower to bulkier (C4 to C18) 
triglycerides are significantly novel, especially towards the enhancement and 
understanding of the diffusion efficiency.  
5.3 Aim  
The major objective of this chapter is to investigate the differences between 
conventional and macroporous LDHs synthesised from the alkali-free method. The 
impact of macroporous LDH on the physicochemical properties and catalytic activities 
for the transesterification of TAGs to produce biodiesel are also explored, with particular 
focus towards the enhancement of bulkier TAGs which suffer diffusion limitation within 
conventional LDH systems due to the intrinsic narrow pore size.   
5.4 Results and discussion 
5.4.1 Characterisation of Conventional MgAl HTs 
   5.4.1.1 Energy dispersive X-Ray spectroscopy of 
ConvMgAl LDH 
Bulk elemental analysis of the MgAl series was determined by EDX as tabulated 
in Table 5.2. In general, the bulk ratios obtained from EDX deviate slightly compared to 
the nominal ratio, potentially due to changes in the pH of the system during the 
synthesis5. The hydrotalcite was synthesised in the nominal range of 0.23 <x < 0.35, 
within the limit of pure hydrotalcite6.   
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Table 5.2 The nominal and actual bulk of MgAl HT atomic ratio. 
Nominal Mg:Al 
ratio 
Mg wt% bulk 
(EDX) 
Al wt% bulk 
(EDX) 
Bulk Mg:Al 
ratio 
x value (Al/ 
(Mg+Al)  
1.5:1 19.73 11.94 1.83 0.35 
2:1  20.97 10.01 2.06 0.33 
3:1  28.5 15.2 2.17 0.32 
4:1  66.2 8.6 3.31 0.23 
 
5.4.1.2 Thermogravimetric analysis mass spectrometry 
of  ConvMgAl HT 
Figure 5.1(i-ii) represents ConvMgAl HT TGA-MS profiles and show a two-step 
weight loss.The first transition is credited to water weight loss and the second transition 
is ascribed to carbonates weight loss. The first dehydration step of water has occurred 
between 46 - 170 °C with a small amount of water weight loss (4.08 – 8.76 %), followed 
by a dehydroxylation water weight loss happened around 163 – 221 °C (5.00 – 8.15 %). 
This brings the total experimental water weight loss to 10.25 – 14.5 % as can be seen in 
Table 5.3.  
Second transition step attributes to dehydroxylation and decarbonation steps 
which occurred around 240 - 432 °C (5.7 – 12.5 % of weight loss). The pattern of 
Differential Scanning Calorimetry (DSC) and Mass Spectroscopy  (MS) curves were 
found to be identical and in agreement with TG/DSC data.The total experimental and 
theoretical weight losses are comparable with both amounts weight loss being around 
17.5 – 23.9 % in a range with common HT weight loss7. DSC profiles of ConvMg:Al1.83:, 
ConvMg:Al2.06:1, ConvMgAl2.17:1 and Conv3.31:1, showed two heat flow around 45 
°C and 230°C which are ascribed to the absorbed water and dehydroxylation of water in 
the interlayer. Another heat flow was observed around 400 °C is attributed to the loss of 
carbon dioxide from the interlayer anion.  
The chemical formulation of the prepared HTs was determined experimentally 
from a combination of EDX and TGA-MS with the inorganic components obtained from 
EDX spectroscopy and H2O content obtained from percentage mass loss calculated from 
TGA-MS. To calculate the theoretical formula of LDH, a general formula for HTs; [M(II)1-
xM(III)x(OH)2]χ+(An-χ/n)·mH2O where m = 0.81 – x,  has been applied throughout. Mg 
content was found to gradually increase across the series, incrementally increasing with 
an increase in the nominal Mg:Al ratio. Simultaneously, Al mass percentages were seen 
to exhibit the expected decrease associated with an increasing ratio of Mg:Al. As the 
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ratio increased, more water was found to have been incorporated into the interlayer and 
the amount of carbonate within the complex was determined to diminish.  
 
 
 
 
 
 
    
 
Figure 5.1i TGA-MS patterns of thermal ConvMgAl LDH of ratio 1.83 (A) and 2.06 (B).  
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Figure 5.1ii TGA-MS patterns of thermal ConvMgAl LDH of ratio 2.17 (A) and 3.31 (B).  
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Table 5.3 Comparison of water and carbonate in experimental and theoretical weight loss of ConvMgAl HT as obtained from TGA-MS and 
EDX.   
LDH catalyst/ weight loss 
Experimental Weight loss / % Theoretical weight loss /%  
ConvMgAl HT Formula 
H2O exp CO3 exp 
Total 
Weight 
loss/ % 
H2O 
theory 
CO3 
theor
y 
Total 
Weight 
loss / 
% 
Mg:Al 1.83:1 
11.6 12.3 23.9 
5.0 16.2 21.2 
[Mg0.65Al0.35(OH)2].(CO3)0.18 
0.46H2O] 
Mg:Al 2.06:1 
12.2 10.2 22.4 
7.4 12.0 19.4 
[Mg0.67Al0.33(OH)2].(CO3)0.17 
0.48H2O] 
Mg:Al 2.17:1 
10.6 12.5 22.8 
8.8 9.6 18.4 
[Mg0.68Al0.32(OH)2].(CO3)0.16 
0.49H2O] 
Mg:Al 3.31:1 
14.5 5.7 20.2 
10.3 7.2 17.5 
[Mg0.77Al0.23(OH)2].(CO3)0.12 
0.58H2O 
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5.4.1.3 Scanning electron microscopy of  ConvMgAl HT 
To further understand the morphology of the ConvLDH, SEM analysis was 
undertaken over the parent catalyst (Figure 5.). SEM showed a characteristic of sand 
roses morphology8, a common feature of hydrotalcite which has been observed for all 
samples.  
.  
Figure 5.2 SEM micrograph of parent ConvMgAl LDH.  
 
5.4.1.4 Powder X-ray diffraction of ConvMgAl LDH 
As-synthesised (AS), calcined (calc) and hydrothermally rehydrated (HTM) 
hydrotalcite series have been analysed by X-ray Diffraction (XRD) to confirm formation, 
deformation and reformation of hydrotalcite (Figure 5.3). These patterns revealed the 
same definite pattern of hydrotalcite with different ratios spanning from 1.83 to 3.31 as 
found in the previous literatures9–11.  
Lower diffraction angles at 11.6°,23.4° and 35° with sharp intense peaks are 
attributed to diffraction by planes of d(003), d(006) and d(009) respectively (Figure 5.3a) 
while the broader, less intense peaks at 39.6°, 47.1°, and 61.1° are ascribed to diffraction 
by planes d(015), d(018) and d(110), which complete the characteristic set of diffraction 
peaks associated with MgAl HTs12. The presence of CO32-anion is confirmed by a basal 
spacing of d(003)= 0.76 nm compared to 0.78 nm which has been reported by Ref13. A 
very weak pattern also observed at d(116) is negligible. 
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Figure 5.3 XRD patterns of the precursor, calcined, hydrothermal rehydrated and 
comparison of the as-synthesised (AS), calcined (CAL), hydrothermal (HTM) MgAl HTs, 
and comparison of all (d). a-d denoted for ConvMgAl HT ratio spanning from 1.83:1, 
2.06:1, 2.17:1 and3.31:1.  
 During calcination, decomposition of the hydrotalcite occurs resulting in the 
formation of a crystalline MgO phases. XRD patterns confirm the formation of the mixed 
oxides phases as displayed in Figure 5.3b. The patterns revealed a mixed oxide 
containing the MgO periclase structure as has been previously reported by Alvarez et 
al.14 on MgAl HT materials.  In these PXRD patterns, there is clear evidence of the basal 
spacing of d(003) and d(006) reflection diminishing greatly, indicative of the destruction 
of the hydrotalcite structure during the calcination process. It has been previously 
reported that calcination below 450 K removed water molecules while calcination from 
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525 K to 723 K removed carbon dioxide and water14. In this study, the calcination at 450 
ºC produces mixed oxide structures.  
he XRD pattern of rehydrated (reconstructed) hydrotalcite under hydrothermal is 
represented in Figure 5.3c. Eight diffraction peaks were observed at basal plane d(003), 
d(006), d(009), d(015), d(018), d(110), d(113) and d(116) confirmed the layers are 
regained after the rehydration process. Figure 5.3d displays the comparison of as 
synthesised, calcined and reconstructed hydrotalcite. Following rehydration, by means 
of the so-called ‘Memory Effect’, the hydrotalcite-type structure is reconstructed11,15,16. 
The effect of ratio and hydrothermal rehydration on the basal spacing, lattice parameter 
and crystallite size are clearly seen in Table 5.4. Firstly, lattice parameters, a were 
calculated using d(110) peak, where a = 2d(110). As the ratio increased, the interlayer 
distance d(003) increased due to the greater incorporation of Mg in the framework which 
combined with the fact that Mg2+ cation is larger than Al3+ cation, explains the expansion 
in the lattice parameter a.  
Table 5.4 The textural parameter of basal spacing d(003), lattice parameter and 
crystallite size for MgAl HT. 
Parameter/            
catalyst 
d(003) 
aLattice parameter / nm bCrystallite 
size / nm a c 
MgAl LDH precursor 
Mg:Al 1.83:1 AS 0.73±0.06 0.310±0.026 2.20±0.03 7.2±0.2 
Mg:Al 2.06:1 AS 0.73±0.05 0.312±0.011 2.20±0.03 7.5±0.1 
Mg:Al 2.17:1 AS 0.73±0.03 0.316±0.012 2.20±0.03 10.8±0.2 
Mg:Al 3.31:1 AS 0.74±0.09 0.316±0.013 2.23±0.01 14.7±0.7 
MgAl LDH hydrothermal 
Mg:Al 1.83:1 HTM 0.73±0.03 0.313±0.007 2.20±0.03 6.4±0.3 
Mg:Al 2.06:1 HTM 0.74±0.12 0.316±0.016 2.24±0.02 6.4±0.3 
Mg:Al 2.17:1 HTM 0.74±0.05 0.315±0.005 2.22±0.02 9.7±0.2 
Mg:Al 3.31:1 HTM 0.74±0.10 0.316±0.013 2.23±0.02 13.5±0.1 
afrom Bragg equation and bfrom Scherrer formula 
Secondly, lattice parameter c corresponds to three-times the interlayer spacing, 
d between the layers which calculated as c = d(003) + 2d(006) + 3d(009). Thus the c 
value increases linearly as the d spacing value increased. Furthermore, the effect of 
rehydration on MgAl crystalline structure can be seen in the above figures. Hydrothermal 
rehydration has enhanced the crystallinity of the sample, as can be seen by the 
increased intensity and definition of the peaks. A previous study has proven that during 
the rehydration process, the Gibbs free-energy becomes more thermodynamically 
favourable at higher Mg:Al ratio, consequently increasing the rate of formation and hence 
forming a more crystalline structure17. Sharma et al. have proven crystallite size and 
crystallinity of hydrothermal treatment HTs were significantly increased compared to the 
precursor18. The HTMs produced in this work did not exhibit a large enhancement in 
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terms of crystallite size, however, there was a definite systematic trend of increasing 
crystallite size across the loading series as evidenced by peak sharpening within the 
diffractograms. The XRDs also exhibit pure HT phases, without formation of any 
unexpected impurities such as MgO or brucite layers19.  
5.4.1.5 Temperature-programmed desorption of CO2 of 
ConvMgAl LDH 
CO2-TPD of all ConvMgAl series can be seen in Figure 5.4. Figures have been 
offset for clarity. The CO2-TPD profiles consist of multiple desorption peaks. The lowest 
temperature (below 200 ºC) desorption peak can be attributed to a bicarbonate species 
interacting on weakly basic OH groups which have been removed after treatment at 100 
ºC as has been shown in Section 5.4.1.2 by the water loss observed in TGA analysis. At 
moderate temperature (300-350 ºC), the medium strength bicarbonates are observed 
bound to interlayer anions of hydrotalcite. While at a higher temperature (above 350 ºC) 
shows unidentate carbonates attached to strong basic sites of hydrotalcite compound.  
 
Figure 5.4 CO2-TPD profile of ConvMgAl HT series from 1.83:1, 2.06:1, 2.17:1 and 
3.31:1 (i-iv).  
Unidentate formed on strongly basic surfaces of O2- anions and remain adsorbed 
even after higher treatment at 350 ºC. As the Mg:Al ratio increases, the CO2 desorption 
peak temperature increases respectively. The number of active sites and base site 
density are tabulated in Table 5.5. Basicity progressively increases as the Mg content 
increases which could also be suggested by an increased surface concentration of Mg2+ 
and O2- to be measured by XPS.  
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Table 5.5 The amounts of basic sites in ConvMgAl HT samples. 
 
5.4.1.6 X-ray photoelectron spectroscopy of ConvMgAl 
LDH 
XPS was employed to probe the surface of ConvMgAl series. The resulting Mg 
2s XP, Al 2p XP and O 1s XP spectra are shown in Figure 5.5 respectively. Spectra 
were energy referenced to adventitious carbon at 284.6 eV and all spectra were fitted 
with a Shirley background, whilst peaks were fit with a Gaussian-Lorentz peak shape, 
prior to background subtraction alongside pure alumina and MgO reference 
compounds19. Spectral fitting was performed using CasaXPS software.  
The Mg 2s spectra (Figure 5.5a) were fitted at 88.1 eV according to the NIST 
spectral database20,21. These spectra exhibit a single broad peak which indicates a single 
chemical environment. The Mg2+ contents are shown to increase across the series 
demonstrating a higher concentration of Mg on the surfaces as the loading increases.  
 Both Al 2p and O 1s spectra were fitted into two distinct chemical environments 
(NIST standard)22 as shown in Figure 5.5 b and c. In Al 2p spectra, all spectra were 
fitted to 74.5 eV according to an experimentally determined standard of Al2O3. 
Octahedral Al was detected at a higher energy binding (74.9 eV), whilst, the tetrahedral 
Al exists at a lower binding energy (73.1 eV). O 1s spectra were fitted at 532 eV and two 
main binding energies were detected at 531 eV and 533 eV which correspond to the 
existence of O in CO32- and O in OH- in the interlayer respectively. The intensity of O2- 
increased with the Mg content loading, which indicates the strength of basic sites 
increased with Mg content8. 
Sample 
Number of  
active sitesa /  
mmol g-1 
Base site  
densityb         
 / molecules g-1 x 1019 
ConvMgAl HT 
Mg:Al1.83:1HTM 0.007±0.009 4.1±1.7 
Mg :Al2.06:1HTM 0.007±0.006 4.3±1.7 
Mg:Al2.17:1HTM  0.007±0.004 4.4±1.7 
Mg:Al3.31:1HTM 0.010±0.019 5.8±0.2 
a,b
Determined by CO2 pulse chemisorption 
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Figure 5.5 Stacked Mg 2s XP (a), Al 2p XP (b) and  O 1S  XP (c) on ConvMgAl HT series spanning from 1.83:1 to 3.31:1  (i-iv in each 
series).              denoted  as envelope,            raw data and              HT component.
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Quantitative analysis of the XP spectra combined with the EDX analysis enabled 
the correlation between bulk and surface Mg to be determined, which is presented in 
Figure 5.6. The results show a good correlation between both surface and bulk 
elemental analysis, whereby the surface Mg wt. % increased in a linear fashion with the 
bulk Mg content, suggesting no spatial changes to the elemental composition within the 
hydrotalcite1. Surface loading obtained from XPS analysis reports a much a lower value 
compared with EDX analysis due to the attenuation of the photoelectron signal of the 
oxide sample through an outer layer of carbon contaminant present in all powder XPS. 
 
 
 
Figure 5.6 Mg surface wt % as a function of Mg:Al atomic ratio determined by XPS and 
EDX analysis respectively for ConvMgAl HT series.  
 
5.4.2 Characterisation of polystyrene spheres 
5.4.2.1 Scanning electron microscopy of polystyrene 
beads  
Polystyrene (PS) beads were prepared as described in Section 2.1.2. SEM 
imaging was used to confirm the success of PS beads and also to quantify their size 
distribution23–25. The image confirmed the beads existed in a purely spherical morphology 
and the mean bead diameters were found to be 375 (± 46) nm1 (Figure 5.7).  
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Figure 5.7 Representative SEM image of polystyrene spheres and associated particle 
size distribution.  
 
5.4.3 Characterisation of conventional and macroporous 
reconstructed MgAl and ZnAl LDHs 
Conventional ZnAl LDH and NiAl LDH have been previously discussed in 
Chapters 3 and 4. In this subchapter, a series of conventional and macroporous MgAl 
and ZnAl LDH were prepared according to a modified procedure (described in Section 
2.1 – 2.1.3) from Woodford et al.1. We were unable to synthesise MacroNiAl LDH  after 
many rigorous trials. It was found that MacroNiAl LDH does not entirely form nor 
reconstruct to the anticipated HT layered structure. XRD analysis indicated a non-
hydrotalcite structure, producing an unknown diffraction pattern for which no 
corresponding literature could be identified. Potentially, the high pH and ratio used (4:1) 
could be unconducive for the formation of MacroNiAl LDH, as evidenced by a large 
degree of amorphous material detected by XRD analysis. It was noted that during the 
synthesis process, a blue solution was formed instead of the typical green colour 
expected from Ni2+ once polystyrene had been introduced. For this reason, further work 
on this catalyst has been discarded.  In future work, it might be the possible to synthesise 
MacroNiAl LDH at ratio lower than 4. Herein, a ConvLDH and MacroLDH version of MgAl 
and ZnAl have been synthesised to be compared with M2+:Al3+ ratios of 4:1, as this ratio 
has been previously shown to exhibit excellent catalytic activity as discussed in previous 
chapters. The successful synthesis of all materials has been confirmed by a range of 
characterisation techniques.  
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5.4.1.1 Elemental analysis of ConvLDH and MacroLDH 
A series of conventional and macroporous alkali-free MgAl and ZnAl LDH at a 
nominal ratio of 4 were synthesised and further analysed by EDX and XPS to quantify 
the actual bulk and surface compositions (Table 5.6). For both the MgAl and ZnAl 
materials, the recorded bulk ratio of M2+:Al3+ in the macroporous samples are lower than 
that of the corresponding conventional LDH. This is vital to consider when comparing 
subsequent reactivity differences, to separate enhancements originating from the 
morphology or structural effects from those arising from their elemental composition or 
intrinsic basicity1,19.   
Table 5.6 Bulk M2+: Al3+ ratio determined by EDX and XPS for conventional and 
macroporous LDH.  
 
 
5.4.1.2 Powder X-ray diffraction of ConvLDH and 
MacroLDH 
Both the ConvLDH and MacroLDH versions of MgAl and ZnAl catalysts have 
been analysed by X-ray Diffraction (XRD) as a core technique to confirm the formation 
of the anticipated hydrotalcite structure26. The first section will discuss the MgAl HT. Both 
diffraction patterns of ConvLDH and MacroLDH of MgAl depicted in Figure 5.8a and 
5.8b (AS) revealed the same definite pattern of hydrotalcite as found in literatures1,26–28. 
Diffraction angles at 2θ = 11.6°,23.4°, 35°, 39.6°, 47.1°, 61.1° and 62.3°, characteristic 
of MgAl hydrotalcite, confirmed the successful preparation of the desired material26–28.  
During calcination of both ConvLDH and MacroLDH Mg/Al, the brucite layers 
collapsed and  the phase shifted to that of periclase MgO, as evidenced by the resulting 
peaks at 2θ = 35.9°, 43.5° and 63.5° representing the d(111), d(200) and d(220) planes 
respectively (Figure 5.8a-b, CAL). This was accompanied by the associated 
disappearance of the basal spacings of d(003) and d(006) reflection, affirming that the 
hydrotalcite structure was mainly destroyed during the calcination process8.  
Catalysts 
Nominal 
ratio 
M2+:Al3+ ratio determined by EDX 
Conventional LDH Macroporous LDH 
EDX /  
M2+: Al3+ratio 
XPS /  
M2+: Al3+ratio 
EDX /  
M2+: Al3+ratio           
XPS /  
M2+: Al3+ratio 
Mg:Al4:1  3.31 1.02 2.42 1.15 
Zn:Al4:1 3.33 2.28 1.45 1.02 
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Following the rehydration process, diffraction patterns observed at basal plane 
d(003), d(006), d(009), d(015), d(018), d(110), d(113) and d(116) reappeared, thus 
confirming the successful rearrangement of the structure back to the LDH form following 
the rehydration process30,31 (Figure 5.8a-b, HTM). Hydrothermal MgAl reconstructed has 
increased the conventional and macroporous crystallinity from 76 % (AS) to 81 % (HTM) 
and from 83 % to 855 % respectively as determined by peak integration and comparison 
with a fitted baseline representing the amorphous constituent. 
 
Figure 5.8 XRD diffraction patterns of conventional and macroporous MgAl and ZnAl 
LDH. The intensity ratio of HT over mixed oxide is denoted by the percentage values. 
The successful synthesis of both ConvLDH and MacroLDH forms of the ZnAl 
LDH was also determined through the use of X-ray diffraction, the results of which have 
been depicted in Figure 5.8c and 5.8d respectively. The XRD patterns of as-synthesised 
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(AS) samples exhibit the characteristic of ZnAl LDH which appeared at d(003), d(006), 
d(012), d(015), d(018), d(0111) and d(110)16. As with the previous material, a peak 
appeared at 20° can be seen in the AS (Figure 5.8d), representative of the polymer 
template. The disappearance of this peak upon calcination is suggestive of removal of 
the polymeric species2.  ZnO and ZnAl2O4 phases were detected after calcination at 
temperatures as low as 250 °C (Section 3.4.2.1) hence as these samples have been 
calcined at 350 °C we can expect to see these phases in similar amounts. 
MgAl LDH, whether it in the form of ConvLDH or MacroLDH benefit from facile 
reconstruction, however, the ZnAl LDH materials have been found to suffer a more 
difficult reconstruction process. This finding agrees with previous literature for ConvZnAl 
LDH materials in which the formation of ZnO and ZnAl2O4 has been detected following a 
similar calcination process32,33. Diffraction patterns in Figure 5.8c and 5.8d revealed an 
increase in crystallinity from 69 % (AS) to 76 % (HTM) of ConvLDH and from 25 % (AS) 
to 71 % (HTM) of MacroLDH upon reconstruction. Calculation of the lattice parameter, a 
and c of the Macr MgAl LDH found an increased upon introduction of PS templates and 
subsequent reconstruction, evident of an increased crystallite size (Table 5.7).  
Table 5.7 The textural parameter of conventional and macroporous MgAl and ZnAl 
LDH including the basal spacing d(003), lattice parameter and crystallite size.  
Parameter/ catalyst 
d003 / 
nm 
aLattice parameter /nm bCrystallite 
size / nm a c 
MgAl LDH 
CConvLDH 0.74±0.02 0.304±0.033 2.23±0.41 12.6±0.9 
MMacroLDH 0.75±0.03 0.305±0.040 2.28±0.04 24.1±0.2 
ZnAl LDH 
CConvLDH 0.74±0.02 0.308±0.041 2.29±0.09 33.8±0.3 
MMacroLDH 0.76±0.04 0.306±0.040 2.30±0.04 19.6±0.2 
*a were determined by Bragg equation and b were determined by Scherrer equation 
 
Interestingly, regarding the ZnAl LDH material, the MacroHT form has brought 
about a diminished lattice parameter a and c, and also a reduction in the crystallite size. 
This has been ascribed to a potential formation of ZnO, ZnAl2O4 and PS, intruding into 
the interlayers, thus severely affecting the reformation of the layer, shrinking the lattice 
parameter and furthermore, reducing the crystallite size.      
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5.4.1.3 Nitrogen porosimetry of ConvLDH and 
MacroLDH 
N2 adsorption-desorption isotherms of ConvLDH and MacroLDH forms of MgAl 
and ZnAl can be seen in Figure 5.9a-b respectively. Figures were offset for clarity. The 
textural properties of the ConvLDH and MacroLDH families are summarised in Table 
5.8. The isotherms from ConvLDH of MgAl and ZnAl have type II classifications and 
exhibit hysteresis loops H2 based on the IUPAC classification34 indicating the catalysts 
are composed of mesopores with an ‘ink-bottle’ structure35. We postulate restricted pore 
accessibility in ConvLDH compared with MacroLDH due to the narrow neck bottle shape 
unveiled in ConvLDH1.  Meanwhile, the MacroLDH of both MgAl and ZnAl exhibit the 
combination of type II and type IV isotherms with H3 hysteresis loops, marking the 
presence of unified mesopore/macropores structures35. This also indicates the 
existences of slit-type pores which arrises from plate-like morphology35.  
 
Figure 5.9 Stacked adsorption-desorption isotherms of conventional (a) and 
macroporous (b) MgAl, and ZnAl LDH. 
 
Table 5.8 BET surface area (SBET) and mercury intrusion pore diameter for conventional 
and macroporous MgAl and ZnAl LDH.   
LDH catalyst BET Surface area / m2/g 
Mercury intrusion pore 
diameter/ cm3/g-1 
MgAl LDH 
CConvLDH 13±4 31 
MMacroLDH 17±3 146 
ZnAl LDH 
ConvLDH 256±23 25 
MacroLDH 24±6 106 
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To further evaluate and examine the pore network, mercury intrusion analysis 
was undertaken. Both ConvLDH (MgAl and ZnAl) possess a pore diameter in the range 
of typical mesoporous structures (31 and 25 nm) which attributes to interparticulate 
spacings. Meanwhile, MacroHT forms of both formulations exhibit macroporous voids, 
with measured pore diameters of 146 and 106 nm respectively (Figure 5.10), in 
agreement with previous studies35,36. The reason behind this is due to the incorporation 
of PS templates enlarging the inter-particulate spacings between hydrotalcite clusters, 
hence significantly increase accessibility of the basic catalyst. A number of previous 
studies on mercury intrusion porosimetry pore size distribution of hydrotalcite have 
reported centred around a range of 100-200 nm35,36. Pore size distribution profiles of both 
ConvLDH and MacroLDH show a unimodal pore diameter, with a narrow distribution for 
all samples except in MacroMgAl LDH material, which possesses a broader distribution. 
This is further evidence of the successful synthesis of a macroporous ZnAl hydrotalcite 
for the first time.   
 
Figure 5.10 The pore size distribution of ConvLDH and MacroLDH on MgAl HT (left) and 
ZnAl HT (right) obtained from mercury intrusion porosimetry.  
5.4.1.4 Scanning electron microscopy of ConvLDH and 
MacroLDH 
In order to first probe the morphological differences between conventional and 
macroporous LDH, SEM images were taken of both catalysts, displayed in Figure 5.11.  
ConvMgAl LDH possesses the traditional sand-roses morphology as previously 
discussed in Section 5.4.1.3. Meanwhile, in ConvZnAl LDH, hexagonal platelets with 
plate-plate overlapping has been observed, which can be reasoned as to the higher 
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surface area associated with ConvZnAl LDH materials37. The macropore network is 
clearly visible in the MacroLDH form of both of MgAl and ZnAl. The average diameters 
of the macropores within MacroMgAl LDH and MacroZnAl LDH are 316±26 and 270±35 
nm, respectively. These values are slightly lower than the measured diameter of the PS 
bead templates (375±46 nm), likely due to the shrinkage of beads occurring during the 
calcination process.  
 
Figure 5.11 SEM images of conventional (left) and macroporous (right) MgAl LDH(A) 
and ZnAl LDH (B).  
Figure 5.12 displays the morphology of MacroLDH of MgAl and ZnAl after 
calcination and rehydration processing. These SEM images further demonstrate the 
successful incorporation of macropores into the hydrotalcite framework, which is in 
agreement with the pore distributions obtained from mercury intrusion porosimetry. 
Calcination was done under O2 to remove the PS beads, leaving clearly visible voids 
within the structure. Rehydration has regained the layer as proven by XRD due to the 
‘Memory Effect’ of the materials.   
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Figure 5.12 Calcined (left) and rehydrated (right) MacroMgAl LDH (A) and MacroZnAl 
LDH (B).  
5.4.1.5 High-resolution scanning transmission electron 
microscopy of MacroLDH 
HR-STEM analysis was undertaken on MacroLDH (MgAl and ZnAl) and the 
images from the high-angle annular dark field are shown in Figure 5.13. The images 
reveal ordered thin walled macropores introduced from PS template removal following 
the calcination-rehydration process. The average pore diameter of MacroMgAl LDH is 
299±12 nm which in the range of the PS and consistent with the SEM analysis. 
Macropore shrinkage is a common phenomenon to be observed in PS bead templated 
macropore networks due to contraction during the calcination phase1. These results are 
consistent with the wok done by Woodford et al.1 wherein they found the mean pore 
diameter of MacroMgAl HT to be 310 nm formed from a PS bead diameter of 350 nm. 
B
A
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As both MacroMgAl studies involved nominal ratio 4:00:1 (actual ratio ~2.00:1), the 
materials can be considered comparable.  
 
Figure 5.13 HR-STEM images of the MacroMgAl LDH (A) and MacroZnAl LDH (B).  
 
TEM images of MacroZnAl LDH clearly shown a non-uniform macropore with 
non-rigid images of framework reflecting the less effective synthesis method of PS 
incorporation. This could potentially be remedied by switching from a thermal processing 
method for removal of PS beads to a dissolution methodology such as that reported by 
Geraud et al.38 in which it was reported that PS beads can be removed by a dissolution 
method via three successive toluene or tetrahydrofuran (THF): acetone (1:1) (1g/10 mL) 
washes in order to obtain a more ordered framework. The macropores void of MacroZnAl 
LDH was calculated as 250 nm (Figure 5.13b), a slightly lower then that SEM data (270 
nm) and likely due to the less clear boundaries visible in the STEM images.  
5.4.1.7 Diffuse reflectance infrared Fourier transform 
spectroscopy of  ConvLDH and MacroLDH 
Figure 5.14 illustrates the DRIFTS spectra of ConvLDH and MacroLDH series 
respectively. Generally, three distinctive regions can be seen in DRIFTS analysis for 
common hydrotalcite samples39. The first region at around 3000 to3800 cm-1 indicates 
the surface OH stretching mode and also corresponds to water absorbed within 
hydrotalcite lamellar structure. This can also be seen as a bending mode of water 
molecules appearing at around 1600 cm-1. According to the literature of MgAl HT, the 
common OH stretching vibration visible at 3700 cm-1 indicates the hydroxyl groups 
located on the corner or edges of MgO structure39. In this case, both ConvLDH and 
A B
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MacroLDH of MgAl revealed one broad peak at 3773 cm-1and one sharp peak 3711 cm-1 
for ConvLDH and MacroLDH respectively. This is further evidence of the conversion of 
LDH to MgO during the calcination process, which is later reversed during the 
rehydration procedure as seen by XRD analysis. Rehydration also increases the amount 
of water incorporated in the structures as represented by broad water stretching mode 
at this region. This theory also is supported by the XRD wherein the amount of material 
rehydrated is higher than the precursor.  
 
Figure 5.14 DRIFTS spectra of MgAl LDH and ZnAl LDH with indicates spectra for 
ConvLDH and MacroLDH respectively.  
 
C-O vibration is detected at 2847 cm-1 in all samples. Overlapping infrared bands 
were observed on all hydrotalcite series in the 1700-1300 cm-1 region. Carbonate 
bonding is detected at around 1400-1665 cm-1 and is mainly comprised of unidentate 
(1488, 1347 cm-1) and bidentate (1645, 1347 cm-1) bonding modes. Meanwhile, Mg 
bonded to carbonates are detected at 1405 cm-1. Hydrotalcite formation also can be 
assured of the existence of a Mg-O vibration at 950-700 cm-113.  
Typically, ZnAl hydrotalcites exhibit similar infrared spectra to that of MgAl HT 
with the exception of a few bands which are slightly different. For instance, a shoulder at 
around 3300 cm-1 was detected for both ZnAl samples (ConvLDH and MacroLDH) 
corresponding to the weak vibration of a hydroxyl group (related to main OH vibration at 
3700 cm-1) and furthermore indicative the OH bonding40. Tania et al.40 also suggested in 
one of their studies, that the peak at 3778 cm-1 corresponds to tetrahedral Al bonded to 
OH (AlIVOH), meanwhile, the octahedral Al (AlVIOH) is reportedly found at 3733 cm-1 with 
the main band at 3695 cm-1. Somehow, it is hard to distinguish between these tetrahedral 
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and octahedral Al peaks as they have the potential to be superimposed on the same 
wavelength.  
5.4.1.8 Thermogravimetric analysis mass spectrometry 
of ConvLDH and MacroLDH  
Figure 5.15(a-b) and Figure 5.16(a-b) represents ConvLDH and MacroLDH of 
MgAl and ZnAl TGA-MS profiles respectively. The profiles show a characteristic two-step 
weight loss suggestive of an LDH in which the first transition is ascribed to water weight 
loss and the second transition is attributed to carbonates weight loss.  
The first transition from 42 - 170 °C is associated with dehydration step. Further 
dehydroxylation steps occurred from 190 - 340 °C. In most cases, two transition steps of 
water weight loss have been observed except in for the MacroZnAl HT sample where 
only one major weight loss was observed. The result from the TGA reveals a small water 
weight loss occurred during dehydration step (3.5 %) followed by a huge weight loss 
during dehydroxylation step (13.8 %) corresponding to eliminating of interlayer water41, 
bringing the total water loss to 17.3%. Total water weight loss on other samples 
(ConvMgAl, MacroMgAl and ConvZnAl) were only found to be in the range of 11.5 - 14.5 
% (Table 5.9). This confirmed that the density of interlayer H2O in MacroZnAl sample is 
higher42 than the other three samples.   
The second transition is due to dehydroxylation and decarboxylation of brucite-
like layers appeared from 232 °C onwards. Around 4.3 - 10.0 % total mass loss due to 
dehydroxylation of brucite-like layers occurred on all samples bringing the total weight 
loss in up to the range of 20.2- 22.1 %. This value is in great agreement with a common 
mass loss of  HT and in line with previous studies of Author43. The pattern of DSC and 
MS curves were found to be identical in which the MS show two major weight losses of 
water at around 40-190 °C and 340 °C.  Carbon dioxide is evolved at 340 °C, also in 
agreement with TG/DSC data.  
Diffrential Scanning Calorimetry (DSC) profiles of ConvLDH and MacroLDH of 
MgAl LDH and ZnAl LDH are presented in  Figure 5.15 and 5.16 respectively. ConvMgAl 
LDH showed two heat flow steps around 45 °C and 320 °C which are attributed to the 
absorbed water and dehydroxylation of water in the interlayer. The later heat flow was is  
attributed to the loss of carbon dioxide from the interlayer anion. DSC profiles of 
MacroMgAlLDH, ConvZnAlLDH and MacroZnAlLDH showed first two heat flow steps 
around 40 °C and 200 °C which are attributed to dehydroxylation of absorbed water in 
the interlayer. Heat flow of decarboxylation was detected around 300-490 °C.  
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To calculate the theoretical and experimental weight loss including the formula 
of LDH, a general formula for HTs; [M(II)1-xM(III)x(OH)2]χ+(An-χ/n)·mH2O where m = 0.81 – 
x,  has been applied. Based on this formula, both theoretical and experimental weight 
loss of all HT samples can be derived (Table 5.9).  Figures 5.17 depicted more 
experimental weight loss occurred compare to the theoretical ones on both ConvLDH 
and MacroLDHsamples. Although these results are in slight contradiction to those 
previously reported by Woodford et al.1, the total weight loss of both experimental and 
theory are in good agreement. 
  
Figure 5.15 TGA-MS patterns of thermal conventional (A) and macroporous (B) MgAl 
LDH.  
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Figure 5.16 TGA-MS patterns of thermal conventional (A) and macroporous (B) ZnAl 
LDH.  
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Table 5.9 Experimental and theoretical weight loss and the LDH formula obtained from TGA-MS and EDX.    
 
Experimental Weight loss / % Theoretical weight loss /%  
LDH formula  LDH catalyst/ 
weight loss 
H2O exp CO3 exp 
Total 
Weight 
loss/ % 
H2O theory 
CO3 
theory 
Total 
Weight 
loss / % 
Conventional LDH 
MgAl 14.5 5.7 20.2 9.4 7.2 16.6 [Mg0.77Al0.23(OH)2].(CO3)0.12 0.57H2O 
ZnAl  12.1 910.0 22.1 10.4 7.2 17.6        [Zn0.77Al0.23(OH)2].(CO3)0.12 0.58H2O 
Macroporous LDH 
MgAl 11.5 9.8 21.2 9.4 9 18.4 [Mg0.71Al0.29(OH)2].(CO3)0.15 0.52H2O 
ZnAl  17.3 4.3 21.6 10.8 12.6 23.4 [Zn0.59Al0.41(OH)2].(CO3)0.21 0.60H2O 
 
 
Figure 5.17 Theoretical and experimental weight loss of water and carbonates over ConvLDHand MacroLDH MgAl and ZnAl.
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5.4.1.9 Temperature-programme desorption of CO2 of 
ConvLDH and MacroLDH 
CO2-TPD of all hydrotalcite series (ConvLDHand MacroLDH) can be seen in 
Figure 5.18. Figures have been offset for clarity. The CO2-TPD profiles consist of at least 
two desorption peaks in MgAl HT (conv and macro) and a single, sharp intense peak for 
the ZnAl LDH series. A combination of medium (temperature between 300-450 ºC) and 
strong basic strength (temperature above 450 ºC) is observed in the MgAl HT series. 
Meanwhile, bidentate carbonates which attached on medium basic sites of hydrotalcite 
compound was more pronounced in ZnAl HT series44. The number of active sites and 
base site densities are tabulated in Table 5.10. in both LDH series, basicity was found 
to be retarded with the introduction of macroporosity. This is might be due to acidic 
contents from PS  reducing the basicity of MacroHT.   
 
Figure 5.18 Stacked CO2-TPD profiles of conventional and macroporous of MgAl LDH 
(A) and ZnAl LDH. 
 
Table 5.10 Base site characterisation obtained via CO2 chemisorption/TPD. 
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ConvLDH 0.057±0.012 3.4±0.2 
MacroLDH 0.045±0.024 2.7±0.3 
ZnAl LDH 
ConvLDH 0.100±0.054 6.0±1.2 
MacroLDH 0.046±0.023 2.8±0.3 
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5.4.1.10 X-ray photoelectron spectroscopy of ConvLDH and 
MacroLDH 
The surface composition of MgAl materials was subsequence analysed by  XPS in 
order to understand the surface / near-surface of chemical states of C, Mg, Al and O Figure 
5.19a-d depicts the C1s, Mg 2s, Al 2p. O 1s spectra respectively. The C 1s peak of adventitious 
carbon was used to calibrate spectra using a binding energy of 284.6 eV (Figure 5.19a). Mg 
2s spectra depicted in Figure 5.19b consist of one main peak at 90 eV8 indicative of a strong 
interaction between Mg atoms with the oxide45.  
Al 2p spectra (Figure 5.19c) were deconvoluted into two components; those of 
octahedral Al (Al-O interaction) at 74.8 eV and tetrahedral Al (Al-Mg) at 72.7 eV respectively. 
This finding is correlated with Al-MAS NMR in which a slightly more pronounced amount of 
octahedral Al was detected on MgAl HTM instead of tetrahedral Al.  
Figure 5.19d shows O 1s spectra of conventional MgAl HTM. The parent state appears 
at 530 eV are in the same agreement with literatures8,45. Peak deconvolution revealed two well-
defined components. The highly intense peak corresponds to oxygen bonded to carbon 
species (CO32-) (531 eV) while the less intense peak (533 eV) indicates oxygen species in OH- 
structures. O2- intensity increases in a linear trend with increasing Mg2+ content in MacroLDH.  
XPS was subsequently employed to probe the surface of ZnAl LDH materials. The 
resulting C1s, Zn 2p XP, Al 2p XP and O 1s XP spectra are shown in Figure 5.19e-h 
respectively. Again, C1s peak of adventitious carbon was calibrated at the same binding 
energy (284.6 eV) (Figure 5.19e). The Zn 2p spectra (Figure 5.19f) were fitted at 1020 and 
1042  eV according to the NIST spectral database20,21 which corresponding to the spin-orbit 
split Zn 2p3/2 and 2p1/2 states respectively.  
Al 2p spectra (Figure 5.19g) were fitted at 74.5 eV22, consist two components revealing 
octahedral Al (Al-O interaction) at 74.0eV and tetrahedral Al (Al-Zn) at 71.8 eV respectively. O 
1s spectra at were fitted at 532 eV8,45 (Figure 5.19h)  and peak deconvolution revealed two 
well-defined components. The high intense peak corresponds to oxygen bonded to carbon 
species (CO32-) (530 eV) while the less intense peak (533 eV) indicates oxygen species in OH- 
structures. The intensity of O2- decreased with on macroporous, which indicates the strength 
of basic sites decreased with Zn content8 as proven by CO2-TPD.
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 Figure 5.19 a-d XPS spectra ConvLDH and MacroLDH of MgAl for C1s, Mg 2s, Al 2p and O 
1s XP .            denoted  as envelope,            raw data and            HT component. 
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Figure 5.19 e-h XPS spectra ConvLDHLDH and MacroHT of ZnAl for C1s, Zn 2p, Al 2p and 
O 1s XP.           denoted  as envelope,            raw data and            HT component.
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5.4.4 Catalytic activity of ConvLDH versus MacroLDH 
5.4.4.1 C4-C18 TAG reactions 
The efficiency of ConvLDHand MacroLDH catalysts for FAME production were 
further examined through their ability to perform transesterification reactions in methanol 
under similar conditions as adopted in previous chapters (110 °C, 650 rpm for 24 h 
reactions). C4-C18 TAGs were subsequently evaluated to assess the enhancement to 
mass diffusion as a function of sterics. Initial rates have been calculated from the first 60 
min of linear conversion reaction profiles. FAME selectivity was calculated as 
{[FAME]/([MAG]+[DAG]+[FAME)+[GLY]]}x100 where MAG, DAG and GLY are the 
monoglycerides, diglyceride and glycerol respectively. Turnover frequency (TOF) is 
determined from normalising initial rates by base site density obtained from CO2-TPD.  
Figure 5.20 displays the reaction profiles for the conversion of a series of TAGs 
over MgAl and ZnAl in the form of ConvLDH and MacroLDH. From the graph, it can be 
seen that the introduction of macroporosity enhances conversion in all cases remarkably.  
This augmentation in catalytic activity has been postulated as the result of an 
enhancement in the mass transport of bulkier TAG components, hence explaining the 
increased improvement in activity with increased chain length1,46. Both MacroHT 
incorporation in MgAl and ZnAl systems delivered a striking enrichment in rates of FAME, 
thus increasing the conversion, yield (Figure 5.21) and TOF (Figure 5.22). 
 
Figure 5.20 Reaction profile C4-C18 for conventional and macroporous of MgAl LDH (left) 
and ZnAl LDH (right). 
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As the chain length of TAGs were increased from smaller towards bulkier, the 
effective enhancement (due to the introduction of macroporosity) is seen to hold greater 
weight, with smaller chain TAGs finding a smaller enhancement compared with the large 
chain TAGs, likely due to decreased mass transport limitation through the interlayer 
spacings. The enhancement is especially pronounced when considering the diminished 
surface area and base site density associated with macropore introduction46.  
Further evidence of the MacroLDH enhancement can be seen in the increasing 
formation of intermediates, particularly dibutyrin and monobutyrin formation, compared 
with the ConvLDH (Figure 5.21). The selectivity of the MacroLDH catalysts are adequate 
enough that before the reaction has been completed, the amount of the intermediates 
dibutyrin and monobutyrin reach a peak and begin to decrease, as these intermediates 
themselves are converted to the FAME product as can be explained in Equation 5.1. 
 
Equation 5.1 Transesterification reaction of triglycerides showing the intermediates of 
diglycerides and  monoglycerides have been converted to glycerol and FAME during the 
reaction. 
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Figure 5.21 Reaction profile of ConvLDH and MacroLDH for both MgAl and ZnAl LDH 
in transesterification over C4. Reaction conditions: 110 °C, 650 rpm for 24 h reactions. 
The TOFs of each reaction on the different pore frameworks are reported in 
Figure 5.22. As the TAG chain length is increased, there is an increase in associated 
diffusion limitation and hence subsequently, we see a significantly diminished TOF. 
Induction of macropores into the MgAl LDH framework has increased the TOF nearly 
~20 fold compared with ConvMgAl. Macropore introduction has evidently enhanced the 
catalytic performance of transesterification reaction on model chain triglycerides from C4-
C18 to a remarkable degree and could have potentially huge benefits in the 
transesterification of real oil feedstocks.   TOFs of MgAl LDH are found to be much higher 
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in comparison to ZnAl LDH in both cases, either in ConvLDH or MacroLDH due to the 
rate of diffusion through MgAl LDH is much higher compared to ZnAl LDH. Both SEM 
and TEM revealed the MgAl MacroLDH exhibits a bigger pore size diameter compared 
to ZnAl MacroLDH. Bigger pore provides a bigger ‘highway’ for diffusion to happen, thus 
reducing the limitation of diffusion which occurs in bulky TAG.  
 
Figure 5.22 TOF profile C4-C18 for conventional and macroporous of MgAl LDH (a) and 
ZnAl LDH. 
In order to compare MacroMgAl results with the previous work performed by 
Woodford et al.1, both datasets have been tabulated in Table 5.11. Results reveal the 
conversion and initial rate are much higher with ~3.5 fold of TOF increment. Other 
conditions used in both work are similar, except for catalyst loading and temperature on 
MacroMgAl LDH were different where 100 mg of catalyst was used in our instead of 50 
mg and reaction have been done at 110 °C instead of 60 °C. This temperature (110 °C) 
was chosen because to be set as a standardise temperature for all TAGs ranging from 
lower to bulkier. Hence comparison on this dataset is quite unfair here.  
 
Table 5.11 Comparison of catalytic performance on transesterification using MacroMgAl 
LDH.  
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conversion 
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5.5 Conclusion 
Physicochemical properties of the MacroLDH including surface area, pore 
diameter and base site density are shown to have a pronounced effect on the catalytic 
performance of C4-C18 transesterification reaction. Diffusion limitation in bulkier TAGs 
has been overcome by enhancing the pore network of LDHs via macroporous structure. 
The incorporation of PS has enlarged the inter-void between hydrotalcite clusters, thus 
created a macroporosity and relatively enhance the catalytic performance.  
The MacroLDH morphology was confirmed by SEM and TEM analysis. The 
average diameter of MacroMgAl LDH and MacroZnAl LDH were recorded by SEM as 
316 nm and 270 nm, respectively. TEM displayed a lower diameter; 299 nm and 250 nm 
for MacroMgAl LDH and MacroZnAl LDH, respectively. Both values are in good 
comparable with a previous study done by Woodford et al.1.  This also proven 
incorporation of macroporous on HT framework were successfully done here.  
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6.1  Introduction: Dolomite and nanocrystalline MgO  
Dolomites and NanoMgO have been proven to play an important role as a solid 
base catalyst in the transesterification of biodiesel1,2. Solid base catalyst does wonder in 
transesterification reaction especially for high purity oils with low free fatty acid (FFA) 
content3.  
Dolomite is a basic carbonate mineral mainly consisting of alternating layers of 
Mg2+, Ca2+ cation and balanced by CO32- anions. Dolomite represents a rhombohedral 
structure that is derived from the calcite structure (Scheme 6.1)4 and adopt a R3 space 
group. Calcite, on the other hand, displays R3c space group. Dolomite is normally found 
in continental and marine sedimentary rocks. Due to it is abundance in nature, using 
dolomite as a catalyst is very economical and also has been considered as one of 
environmental friendly mineral (non-toxic)5.  
 
Scheme 6.1 Calcite hexagonal unit cell superimposed onto rhombohedral unit cell (a) 
and dolomite hexagonal unit cell superimposed onto rhombohedral unit cell (b). Figure 
adapted from Gregg et al.4. 
 
NanoMgO is another solid base catalyst that exhibits remarkable catalytic activity 
in transesterification reaction6. There are various applications involving NanoMgO such 
as in electronics, catalysis, ceramic, petrochemical products, fire retardant, coatings and 
much more. Physical and chemical properties of crystals normally depend on their 
specific facets structure which plays a role in thermodynamics, kinetics effect and also 
has been applied in many applications (Scheme 6.2a-b)7. NanoMgO exhibits different 
three common surface facet; (100), (110) and (111) facet. The surface termination has 
a) b)
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a direct effect on Lewis basicity of Mg, where the highest number of exposed (111) 
planes display more basicity sites compared to lower number exposed. Calcination can 
result in a defect on the surface due to the modification of the coordinate sites of the 
corner, steps or edge sites. The defects induce the surface towards more polarisable 
and become more tendency to donate electron than stoichiometric sites, which later 
subsidies to higher basicity and gives better catalytic performance8.  
 Wilson et al.1 have reported 100 % conversion in the transesterification of 
tributyrin using dolomite (> 98 % selectivity) but no relationship with the facet structure 
of dolomite has been reported. Meanwhile, in the other study on NanoMgO, nearly 80 % 
tributyrin conversion has been observed by Montero et al.6. They observed different facet 
- in as-prepared NanoMgo:(100 facet) meanwhile,a vacuum annealed NanoMgO at 700 
°C exhibits 110 facet with step edges of cuboid crystal9. Changes in facet surfaces have 
increased the basicity of the Mg2+.  Somehow, a significant effect of leaching from the 
mixed oxide on the surface has not been further studied in the both cases.  
 
Scheme 6.2 Cationic defect on the solid base catalyst of Mg2+-O2- and how crystal facet 
termination increased the base strength from (100) < (110) < (111) (a), adapted from 
Ref3 and the application of mixed oxide from different facet (b), adapted from Kuang et 
al.7.  
Based on the above-reported results, a correlation study between the surface 
morphology (technically the facet structure), and the basicity which later become the 
main contributor in transesterification reaction have to be further studied here. Effect of 
leaching from the mixed oxide compound also has to be further investigated to give an 
overall outlook on how the surface structure does influence on leaching of the basic site.  
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6.2    Novelty and contributions to knowledge  
This work is an extension work from what have been done by Wilson et al.1, (on 
dolomite) and Montero et al.2,6,9, (on NanoMgO). The main focus of this work is on how 
the defect surface of mixed oxide sites could influence the leaching in dolomite and 
NanoMgo. In addition, ex-gasifier dolomite (used to crack tar during the gasification of 
biomass) has been used as the novel contribution in this study, where it could be a good 
comparison with commercial dolomite in term of their surface modification via calcination 
process, would affect on basicity and how they act in the transesterification reaction. This 
explores whether it would be viable to employ waste dolomite from gasification plants in 
catalytic applications. 
6.3 Aims 
The aim of this chapter is to compare the behaviour of the three solid base 
catalysts obtained from calcined dolomite (commercial and ex-gasifier) and NanoMgO in 
the transesterification of C4-C18. The morphology of MgO based nanocrystallite facet will 
be determined in this study. The leaching study on these catalysts also has been carried 
out to further understand the effect of the surface defect on Mg/O facet surfaces.  
6.4   Results and discussion 
6.4.1   Characterisation of the catalysts 
6.4.1.1 Energy dispersive X-Ray spectroscopy of 
Dolomite and NanoMgO 
EDX analysis was conducted on parent and calcined solid base catalysts 
(dolomite and NanoMgO) to quantify the bulk ratio of Ca:Mg and Mg:O as reported in 
Table 6.1 and Table 6.2.  In this study, the dolomite and NanoMgO have been calcined 
at 900 °C and 500 °C as explained in Chapter 2. The bulk wt % of Ca and Mg in dolomite 
and Mg in NanoMgO were increased after calcination process.  This possibly due to the 
decomposition of impurities species during calcination which increased the bulk wt% of 
Ca and Mg respectively.  Data also revealed the Ca and Mg content in the ex-gasifier 
was higher than that of the fresh material, suggesting that loss of carbonate may also 
occur at the temperatures employed in gasification. Figure 6.1 reveals both dolomite 
compounds consist of Mg, Ca, O atom along with impurities such as Fe, Si, Al and Ir. Zn 
and K were also detected in ex-gasifier dolomite. The presence of such impurities was 
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expected in dolomite10. Meanwhile, Mg and O atom are observed in NanoMgO without 
any impurities were detected.  
Table 6.1 Elemental analysis of commercial dolomite and ex-gasifier dolomite NanoMgO 
determined by EDX. 
Table 6.2 Elemental analysis of NanoMgO determined by EDX.  
 
 
Figure 6.1 EDX spectra of commercial dolomite (a), ex-gasifier dolomite(b) and 
NanoMgO(c).  
 
 
 
a)
b)
c)
Sample Bulk Mg wt% (EDX) Bulk Ca wt% (EDX) Bulk atomic Ca:Mg  
 Commercial dolomite 
Precursor  12.86 13.51 2.02 
Calcined 10.56 15.76 2.46 
Ex-gasifier dolomite 
Precursor  13.60 17.22 2.09 
Calcined 16.91 25.94 2.52 
Sample Bulk Mg wt% (EDX) Bulk O wt% (EDX) Bulk Mg:O ratio 
NanoMgO 
Precursor  34.32 58.45 0.89 
Calcined 41.95 53.85 1.18 
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6.4.1.2 Thermogravimetric analysis-Mass spectrometry 
of Dolomite and NanoMgO 
Figure 6.2a-c illustrates the thermal decomposition behaviour of dolomite 
(commercial dolomite (a), ex-gasifier dolomite (b) and NanoMgO (c)). One major weight 
loss belonging to CO2 was observed in TGA and MS around 800 °C in both dolomite 
samples. Fresh dolomite revealed 34.9 % and 12.8 % of CO2 weight loss in commercial 
and ex-gasifier dolomite respectively. These data are in correlation with DSC where a 
sharp peak can be seen in a similar temperature. TGA show only one significant weight 
loss with can be attributed to this equation (Equation 6.1):  
𝑀𝑔𝐶𝑎(CO₃)₂→ 𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 2𝐶𝑂₂ --------------------------   Equation 6.1 
The mechanism of dolomite thermal decomposition is the subject of debate,11–13 
with CO2 partial pressure believed to play an important role. -Valverde et al.11 have 
proven if the partial pressure is below P ≅ 0.1 atm, a single decomposition as displayed 
as in Equation 6.1 is observed. However, if the P> 0.1 atm, two decomposition steps 
might be observed (Equation 6.2 and 6.3)11:  
𝑀𝑔𝐶𝑎(𝐶𝑂₃)₂ → 𝐶𝑎𝐶𝑂₃ + 𝑀𝑔𝑂 + 𝐶𝑂₂----------------------------Equation 6.2 
     𝐶𝑎𝐶𝑂₃ → 𝐶𝑎𝑂 + 𝐶𝑂₂ -------------------------------------      Equation 6.3 
In our case, only single decomposition of CO2 has been observed as shown in 
Equation 6.1. This proven the decomposition process occurred simultaneously at a 
temperature around 800 °C and no partial decomposition mechanism has taken place 
here. In-situ XRD has been undertaken by Valverde et al.11 where it strongly support the 
arguments that dolomite was observed decomposed directly into MgO and CaO at a 
temperature around 700 °C. They also reported that CaO crystal is immediately 
carbonated as shown in Equation 6.1. Ex-gasifier dolomite shown a lesser CO2 weight 
loss, emphasise most of the sample have decomposed directly to CaO and MgO as EDX 
also proven higher wt% on bulk Mg and Ca.  
TGA-MS curves of NanoMgO can be seen in Figure 6.2c. These data reveal a 
huge dehydration/decomposition of water near 400 °C which could be reflected Mg(OH)2 
compound. The water weight loss from Mg(OH)2 is 23.0 %, is reasonably high for 
decomposition to happened and transformed the compound into MgO as proven by XRD 
in calcination process. The mechanism can be written as in Equation 6.4:  
𝑀𝑔(𝑂𝐻)₂ → 𝑀𝑔𝑂 + 𝐻𝑂₂ -------------------------------------      Equation 6.4 
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Click or tap here to enter text. 
Figure 6.2 TGA/DSC with MS profiles during thermal decomposition of commercial 
dolomite (A), ex-gasifier dolomite (B) and NanoMgO (C) in N2 at 10 °C min from 40-900 
°C (for both dolomite) and from 40-800 °C (for NanoMgO).  
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DSC profiles of commercial dolomite (Figure 6.2a) and ex-gasifier dolomite 
(Figure 6.2b) showed two heat flow of absorbed and dehydroxylation of water around 
50 and 340 °C. Meanwhile, a heat flow of decarboxylation is observed at around 780 °C 
is attributed to the loss of carbon dioxide from the interlayer anion. Table 6.3 shows the 
carbon dioxide weight loss from dolomite and NanoMgO obtained from EDX.  
Table 6.3 Carbon dioxide weight loss from dolomite and NanoMgO obtained from EDX. 
Catalysts CO2 weight loss / % 
Commercial dolomite 34.9 
Ex-gasifier dolomite 12.8 
NanoMgO 23.0 
 
 
6.4.1.3 Powder X-ray diffraction of Dolomite and 
NanoMgO 
In fresh dolomite sample (Figure 6.3a), most of the diffraction patterns can be 
attributed to calcite (CaCO3) and dolomite (MgCa(CO3)2) phases. Calcite phases were 
observed at 26.59°, 34.82°, 41° and 46.33°. Meanwhile, dolomite phases were observed 
at 30.94°, 37.30°, 42.90° and 51.14° respectively. Calcined samples exhibit Ca(OH)2 (18°, 
21°.13°,26°.59°, 34.29°, 50.53°, 64° and 66.79°), CaO (28.71°, 37.6° and 54.1°) and MgO 
(43.97° and 62.5°) which also indicates the disappearance of calcite and dolomite 
phases. These reflections are in the same agreement as found in literature1,4,14. 
Contrary to commercial dolomite, the fresh ex-gasifier sample (Figure 6.3b) 
exhibits a combination of MgCa(CO3)2 (29.35°, 31.12°, 37.56° and 48.72°), CaCO3 
(26.74° and 32.36°), Ca(OH)2 (18.53° and 21.27°), MgO (43.48° and 62.54°) and CaO 
(54.1°) multi-phases. As the samples were obtained from a post waste collection in the 
gasifier and possibly have been extensively employed in pyrolysis gasification 
processes, hence these phases (calcite and dolomite) are expected to be found in this 
ex-gasifier sample. Calcined samples exhibit most of the dolomite phases have been 
eliminated except at 37.4° which reflected a strong intensity of dolomite. The second 
highest intensity peak was reflected by MgO at 43.11° and followed by CaO reflected at 
54.12°. The rest of the reflection w governed by CaCO3 and Ca(OH)2. 
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Figure 6.3 XRD patterns of commercial dolomite, ex-gasifier dolomite and NanoMgO. 
Dolomite samples were calcined at 900 °C, meanwhile, NanoMgO was calcined at 500 
°C.  
 
Fresh NanoMgO (Figure 6.3c) shows the reflections attributed to mixed 
crystalline phase in this samples. The diffraction patterns at d(001), d(102) and d(110) 
resembles the hexagonal structure of Mg(OH)2 (JCPDS: 7-239)15. The diffraction peak 
of Mg(OH)2 at d(001) indicates the peak from hydroxyl compound as proven by TGA-
MS.  Calcined NanoMgO at 500 °C has eliminated most of the amorphous hexagonal 
phase resulting from a cubical crystal of MgO9 which assigned as d(100), d(111), d(200), 
d(220) and d(311)16. Some reported this material exhibits icosahedral geometry17 while 
other predicted it might be formed as quasicrystalline in nature16.  
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Table 6.4 summarises the crystallite size of catalysts used in this study. Overall, 
results shown are in good agreement with literature2,9. It has been reported crystallite 
size of dolomite is around 50-60 nm. Meanwhile, the crystallite size of NanoMgo for 
calcination at 500 °C and lower, is reported <10 nm.  
Table 6.4 Comparison of crystallite size of commercial dolomite, ex-gasifier dolomite and 
NanoMgO.  
Catalyst          Crystallite size / nm 
Commercial dolomite 
Fresh 59 
Calcined 50 
Ex-gasifier dolomite 
Fresh 45 
Calcined 50 
NanoMgO 
Fresh                                                                                         7.7 
Calcined   8.5 
 
6.4.1.4 Nitrogen porosimetry of Dolomite and NanoMgO 
N2 adsorption-desorption isotherms for commercial dolomite, ex-gasifier dolomite 
and NanoMgO are displayed in Figure 6.4 Samples were degassed prior to analysis.  
The adsorption-desorption isotherms of both commercial and ex-gasifier dolomites 
(Figure 6.4a-b) exhibit type IV isotherms and type H1 hysteresis loops indicates 
microporous-mesoporous material with narrow-slit pore18. These also associated with 
solids consisting of nearly cylindrical channels or agglomerates or compacts of near-
uniform spheres7. Similarly, Nano MgO catalyst exhibits type IV isotherms with H2 
hysteresis loops (Figure 6.4c).   
Calcination at 900 °C (dolomites) and 500 °C (NanoMgO) have increased the 
BET and BJH surface area of dolomites and NanoMgO compared to the precursor, 
respectively (Table 6.5). Yoosuk et al.19 have reported the expansion of surface area is 
related to the changes of the morphology triggered by the expulsion of CO2 occurred 
during calcination process.  Although the surface area is slightly increased after the 
hydration and dehydration steps, no significant changes have been detected on pore 
volume of dolomites. The pore diameter of dolomite was slightly decreased but still in 
the same range of the parents’ materials.  
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Table 6.5 The textural parameter of surface area, pore volume and pore diameter of the 
precursor and calcined dolomite and NanoMgO.  
Catalysts/Parameter 
BET Surface area  
/ m²/g 
BJH Pore 
volume / 
cc/g 
BJH Pore 
diameter  / 
nm 
Commercial dolomite 
Precursor  14 0.05 2.2 
Calcined 19 0.05 1.5 
Ex-gasifier dolomite 
Precursor  8 0.04 2.5 
Calcined 13 0.04 2.0 
NanoMgO 
Precursor  145 0.42 6.7 
Calcined 150 0.42 6.7 
 
Figure 6.4 A stack of adsorption-desorption isotherms of commercial dolomite (a), ex-
gasifier dolomite (b) and Nano MgO (c). 
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Figure 6.5 BJH pore size distribution (left) and DFT pore size distribution (right) of 
commercial dolomite (A), ex-gasifier dolomite (B) and Nano MgO (C). 
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NanoMgO exhibits increment in surface area compared to dolomite, thus 
increased the pore volume and pore diameter simultaneously. BJH pore distribution of 
dolomites and NanoMgO are in the range of 1-3 nm and 6-12 nm respectively as depicted 
in Figure 6.5a-c (left). To further confirm this, a DFT method has been conducted 
(Figure 6.5a-c (right). Both dolomites reveal mean pore diameter around 5.6 nm, 
whereas the NanoMgO displays a slightly higher pore diameter i.e, 9.1 nm.  
6.4.1.5 Scanning electron microscopy of Dolomite and 
NanoMgO 
SEM images in Figure 6.6 reflected the differences of surface morphologies on 
the dolomites (commercial and ex-gasifier) and NanoMgO catalysts. Images on 
commercial dolomites appear as smooth planes or regularly facetted steps exposing high 
crystallinity of the catalyst1 in well-correlated agreement with XRD data (Table 6.2).   
In contrast with ex-gasifier dolomites, images of flattened flakes or saddle-like 
flakes have been visualised. This could indicate the low crystallinity of the catalyst as 
proven by XRD due to the sintering process produced from calcination. Sintering 
promoted more segregated compound of Mg and CaO grains11. EDX also has proven 
the Mg and Ca content were increased in dolomite and NanoMgo after calcination 
processes.  
SEM images of NanoMgO reveals the non-symmetry morphology, with some of 
the particles, resemble icosahedron with non-convex form, are in good agreement with 
XRD data and also agreed with Jeevanandam et al.17.  
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Figure 6.6 SEM images of commercial dolomite (A), ex-gasifier dolomite (B) and 
NanoMgO (C). 
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6.2.1.6 High-resolution scanning transmission electron 
microscopy of Dolomite and NanoMgO 
Figure 6.7 shows representative STEM images of commercial dolomite, ex-gasifier 
dolomite and NanoMgO. STEM images of commercial dolomite (Figure 6.7a) show a 
rhombohedral structure with lattice stringent of 0.215 nm. According to XRD, this value is 
correlated to diffraction at 42.8° attributed to (110) spacing (0.210 nm). Meanwhile, the STEM 
images of ex-gasifier dolomite (Figure 6.7b) reveals a spherical or curved crystal face common 
known as saddle dolomite20. HRTEM exposed the lattice stringent of 0.200 nm reflected to  the 
XRD d spacing value of 0.209 nm which attributes to 110 diffraction pattern.  
A cubic attribute to MgO nanocrystalline with defect has been observed in Figure 6.7c. 
Lattice stringent was calculated as 0.184 nm in similar agreement obtained from XRD data 
which attributes to 110 facets.  Our result is in a good agreement with a work from Janine et 
al.6,21 (Scheme 6.3).  
 
 
Scheme 6.3 The (100), (110) and (111) facets of MgO. Source: 22 
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Figure 6.7 Representative bright STEM images of commercial dolomite (A), ex-gasifier 
dolomite (B) and NanoMgO (C).  
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6.2.1.7 Temperature-programme desorption of CO2 of 
Dolomite and NanoMgO 
CO2-TPD profile of the precursor and calcineddolomites (both commercial and ex-
gasifier) and NanoMgO catalysts are shown in Figure 6.8. Effect of basicity strength on 
calcined temperature on olomites has been studied by Ilgen23 where he found basicity 
increased with calcined temperature hence simultaneously affect the catalytic activity of 
transesterification reaction. He also showed that calcination of olomites at below 700 °C did 
not lead the materials to able to catalyse the transesterification reaction due to weak basic 
strength. Meanwhile, calcination from 800–900 °C increased the basicity up to ~3 fold (in 
Hammett basicity H_18.4). Their study shown calcination at 800 °C gave the highest FAME 
yield (92 %) compared to only 83 % yield were produced at 900  °C due to it exhibited strong 
base site density.   
Table 6.6 summarises the number of basic sites and base site density of all catalysts 
used in this study including the before and after calcination. Data reveals the increment number 
of active sites and base site density in both dolomites (commercial and ex-gasifier). The 
desorption of strong basic sites in fresh dolomites mostly governed around 600 °C is might be 
associated to the carbonates from calcite (CaCO32-) along with pulse chemisorption of CO2 
from TPD. Calcination has changed the morphology due to the segregation and increased the 
surface area which later significantly increase the basicity.  
It can be clearly seen that NanoMgO samples shown a single desorption peak in both 
fresh and calcined sample around 430 °C which is attributed to CO2 interaction with medium 
base strength site. Based on the data collected, the basicity of these materials can be listed in 
a sequence as follows: commercial dolomite > ex-gasifier dolomite > NanoMgO. The reason 
behind this is due to dolomite mostly governed by mixing of a base compound such as CaO, 
Ca(OH), CaCO32- and Mg which attributes to higher base site density. Meanwhile, NanoMgo 
only exhibits basic sites from MgO.   
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Figure 6.8 CO2 desorption profiles of precursor and calcined dolomites, spent dolomite and 
NanoMgO. 
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6.2.1.8 Diffuse reflectance infrared Fourier transform 
spectroscopy 
DRIFTS spectra of commercial dolomites, ex-gasifier dolomites and NanoMgo are 
shown in Figure 6.9. Similarities of bands between the fresh and calcined samples have been 
observed. Commercial dolomite stretching bands are detected at 1470, 874 and 737 cm-1 in 
commercial ones. Literature1,24,25 reports the main stretching band of dolomite to be normally 
detected around 730 cm-1.  
 
 
Figure 6.9 DRIFTS spectra of commercial dolomites, ex-gasifier dolomites and NanoMgO. a 
and b are denoted for fresh and calcined catalysts respectively.  
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The ex-gasifier sample shows a similar band peaks except at 705 cm-1 that might be 
attributed to calcite compound25. This data is in agreement with XRD where diffraction pattern 
of calcite is more pronounced compared to dolomite in ex-gasifier. This is probably due to 
sample has been extensively used in gasifier thus reduced the composition of dolomite inside 
the compound. In both commercial and ex-gasifier dolomite, the hydroxyl stretching region 
(around 3600-3700 cm-1) is expected to be seen in FTIR bands due to the humidity of the 
sample5. A shoulder peak of OH- stretching was later observed around 3000 cm-1.  
NanoMgO reveals most likely similar regions as observed in dolomite samples and 
another solid base catalyst such as in hydrotalcite. Strong peaks have been observed at 3728 
cm-1, 1488 cm-1 and 841-704 cm-1 attributed to vibration of O-H molecules, C-O and Mg-O 
respectively6.  The CO2 vibration also has been detected at 2783 cm-1 and has a similar 
agreement as reported by Correia et al.5.   
 
 6.2.1.8 X-ray photoelectron spectroscopy of Dolomite and 
NanoMgO 
To further characterise the surface and electronic properties on the catalysts used, 
XPS analysis has been undertaken6. The C 1s spectra of all catalysts are corrected at 284 eV 
to the adventitious carbon.  
Fresh and calcined spectra of commercial and ex-gasifier dolomite are depicted in 
Figure 6.10. A singlet spectre of Mg 2p is centred at 49.56 eV. Ca 2p spectra exhibits doublet 
peak of Ca 2p1/2 and Ca 2p3/2 which corresponds to Ca in OH- and Ca in CO32- respectively.   
O1s spectra exhibit doublet at 531 and 532 eV with attributed to O in CO32- O and in 
OH- respectively.. Wilson et al.,1 postulated these could be formed due to the presence of 
adventitious CO2 as proven by the appearance in DRIFTS.  
The fresh and calcined NanoMgO spectra of C 1s, Mg 2p and O 1s can be seen in 
Figure 6.11. Mg 2p spectra of NanoMgO (Figure 6.11) presents a singlet environment peaks 
centred at 49.3 eV corresponded to Mg2+ and Mg-O respectively. Meanwhile, analysis of the 
O1s region depicted three environments peaks attributed to O2- (528.7 eV), O in CO32- (530.4 
eV) and O in OH-(33.2 eV) respectively (Figure 6.11c)
211 
 
 
 
Figure 6.10 C1s (a), Ca 2p (b), Mg 2p (c) and O1s (d) obtained from fresh and calcined of commercial dolomite (i) and ex-gasifier dolomite 
(ii).  
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Figure 6.11 C1s (a), Mg 2p (b) and O1s(c) spectra obtained from fresh and calcined NanoMgO sample.  
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           Table 6.7 shows the corresponding elemental and surface analysis of catalysts 
used in this study. Both data from EDX and XPS show in good agreement. The surface 
atomic ratio shows a little bit lower compared to bulk but still in the same range of the 
bulk catalysts.  
Table 6.7 Elemental and surface analysis of commercial dolomite, ex-gasifier dolomite 
and NanoMgO.  
 
6.3 Catalytic Transesterification reactions of Dolomite 
and NanoMgO 
6.3.1 C4-C8 TAG   
In order to test the applicability of the solid base catalyst on transesterification 
reaction, commercial dolomite, ex-gasifier dolomite and NanoMgo were screened on 
triglycerides (TAG) ranging from C4 to C18. This reaction has been conducted under mild 
conditions; 65 °C, 650 rpm, 24 h in methanol.  
In this study, fresh dolomite (non-calcined) shows no activity in the 
transesterification reaction. We obtained only 0.005 mmol yields with 1 % conversion 
after 3 h reaction (data not included).  This result correlates with a study that has been 
done by Wilson et al.1. They also reported no activity observed in transesterification 
reaction using non-calcined sample due to lack of basicity sites1. Ngamcharussrivichai 
et al.26 have reported calcined dolomites at a temperature below 800 °C are inactive for 
transesterification. They reported calcined dolomite at 800 °C produced the highest 
conversion (98.6 %) compared to calcined dolomite at 900 °C which produced a lower 
conversion (81.2 %). They believed increasing the temperature to 900 °C has enhanced 
the decarboxylation of dolomite to some extent but the reason behind it still remains 
unclear.  
However, Wilson et al.1 again emphasised higher calcination temperature 
applied will enhance the surface area and basicity sites of dolomite due to segregation 
Catalyst Bulk atomic Ca:Mg 
(EDX) 
Surface atomic Ca:Mg 
(XPS) 
Commercial dolomite 2.46 2.21 
Ex-gasifier dolomite 2.52 2.51 
Catalyst 
Bulk atomic Mg:O 
(EDX) 
Surface atomic Mg:O 
(XPS) 
NanoMgO 1.18 0.98 
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of Mg happened as CaO/(OH) is dispersed on MgO surface. By this, we believed higher 
temperature (900 °C) is the optimum calcination temperature of dolomites. TGA-MS also 
proved samples starts to decompose at 900 °C.  
Segregation arising from calcination generates very fine powders, provided a 
higher surface area, accelerates the mass transport and significantly increased the 
reaction rates and yield. C4-C18 conversion profiles of commercial dolomite, ex-gasifier 
dolomite and NanoMgO are illustrated in Figure 6.12 and tributyrin yield can be found in 
Figure 6.13.  Data shows 99.9 % conversion of C4 was obtained from calcined 
commercial dolomite at 900 °C and 99.0 % conversion of C8 using the same catalyst. It 
achieves 100 % selectivity in C4 but selectivity reduced to 91.4 % in C8. As a higher TAG 
series was introduced (C12 and C18), conversion and selectivity were reduced 
accordingly. This finding confirms the association between higher TAG compound limits 
the diffusion efficient due to steric hindrance of TAG suppress the catalytic performance 
throughout the transesterification process1. 
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Figure 6.12 C4-C18 conversion and yield profiles of calcined commercial dolomite (a), ex-gasifier dolomite (b) and NanoMgO (c).  
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Figure 6.13 Reactant and product profiles of tributyrin (C4) on commercial dolomite (a), 
ex-gasifier dolomite (b) and NanoMgO (c). TB, MB, DB and MoB are denoted for 
tributyrin, methyl butyrate, dibutyrin and monobutyrin respectively.   
 
Again, the same trend has been observed; as the chain length of the TAG series 
were increased from C4-C18, we found the conversion, selectivity, initial rates and TOF 
decreased significantly. These findings are in a good agreement with the previous 
experiment that has been done by Wilson et al.1 NanoMgO exhibits (110) facet with 
defects were observed, which is attributed to lower surface energy21, thus slowing down 
the reaction rates significantly.  
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The turnover frequency (TOF) of all catalysts used in this reaction is shown in 
Figure 6.14. TOF was found to decrease as the TAG were increased to a bulkier chain 
which indicated the diffusion limitation of the substrate on the catalyst surface. Both 
commercial and ex-gasifier dolomite exhibit nearly the same TOF value. C4 reveals TOF 
value of 121 min-1 in commercial dolomite and 113 min-1 in ex-gasifier dolomite. These 
values are lower from what has been reported before1.  
 
Figure 6.14 Comparison of TOF obtained from C4-C18 using the commercial dolomite, 
ex-gasifier dolomite and NanoMgO. 
 
Meanwhile, NanoMgO showed a much lower TOF for the whole TAG applied and 
has been overwhelmed by dolomite. This is due to higher basic strength sites presents 
in dolomite (shown earlier in CO2-TPD) such as from CaO, Ca(OH)2, CaCO3 and MgO 
have influences on the basicity of the sample, hence greatly enhanced the catalytic 
activity compared to NanoMgo that shown a lower basicity.  Wilson et al.1 also reported, 
high calcination temperature has induced to segregation on the surface, thus increased 
the surface area and basicity of the catalyst.  
6.4 Leaching and reusability study of Dolomite and 
NanoMgO 
To test the leaching content on these heterogeneous catalysts, follow reaction 
have been undertaken; In a round bottom flask, 20 mL of methanol has been added with 
50 mg catalyst and heated up for 24h with stirring. The catalyst then was filtered off, 
washed and dried in the oven and later was analysed by ICP. By taking only 12.3 ml of 
methanol from the heated vessel, 0.59 ml dihexyl ether was added with 2.9 ml tributyrin. 
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No catalyst has been added in this case and reactions were proceeded for 60 minutes. 
Reaction profiles of leaching and normal run were compared in Figure 6.15.  
No leaching has been recorded in commercial dolomite as no increas in the 
reaction conversion profile was observed (Figure 6.15a-c). A small leaching of 3.5 % 
conversion has been over served after 6 h in ex-gasifier dolomite. This data in the good 
agreement with ICP where it detected 4.2 % of total leached. Which is could be attributed 
from calcite. NanoMgO reveals a constant leaching of 1 % from 10 minutes to 30 minutes 
of the reaction and increased to 6.1 % after 1-hour reaction. ICP further confirms 11.0 % 
leaching of Mg (Table 6.8). This could possibly be due to the defect observed on 110 
facet as proven by TEM.   
To observe the reusability and durability of the solid base catalysts used, 
catalysts were reused for three times and results are depicted in Figure 6.15d. 
Commercial dolomite and ex-gasifier dolomite demonstrated a slightly higher durability 
throughout the cycles compared to NanoMgO. This could be attributed from the calcium-
based catalyst as reported by Lee et al.27 which it exhibits higher durability in biodiesel 
transesterification. MgO showed a lower reusability in each cycle probably due to metal 
oxides has been poisoned by the adsorption of methanol or another reaction medium 
such as glycerol or methyl ester during transesterification of TAG27. TEM and XRD 
proved NanoMgO exhibits (110) facet which represents the lower surface energy due to 
the formation of defects21, thus could be the reason for low durability of the catalyst.  
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Figure 6.15 Leaching profile (a-c) and reusability (d) of solid base catalyst for 
transesterification of tributyrin with methanol using commercial dolomite, ex-gasifier 
dolomite and NanoMgO.  
 
Table 6.8 Before and after filtered mass concentration of the catalysts to evaluate the 
leaching test as determined by ICP-OES. 
Sample 
Mass concentration / % Total leaching / 
% Before filter After filter 
Com.dolomite (Mg, Ca) 6.6 6.6 Nil 
Ex-gasifier dolomite (Mg, Ca) 14.7 18.9 4.2 
NanoMgO (Mg) 0.8 11.8 11.0 
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6.5 Conclusion 
In summary, the solid base catalysts specifically dolomite (commercial and ex-
gasifier) and NanoMgO have been tested in transesterification reaction of C4-C18 model 
compounds. It was demonstrated that high temperature of calcination has segregated 
the morphology, triggered the surface changes to 110 facet as proven by TEM. The 
segregation induced towards the higher surface area and basicity and later enhanced 
the catalytic performance. In NanoMgO, it also attributes to the formation of a Lewis base 
of MgO formed after calcination.   
In terms of catalytic activity, both calcined dolomite catalyst (commercial and ex-
gasifier) outperformed calcined NanoMgO in transesterification reaction due to dolomite 
exhibits higher basicity induced from 110 facet and also could possibly attribute from 
CaO presence in the compound. Leaching is pronounced in ex-gasifier dolomite and 
NanoMgO where it might be attributed to calcite formed in calcined dolomite and MgO 
respectively. NanoMgO demonstrated a lower durability compared to commercial 
dolomite and ex-gasifier dolomite probably due to the surface of MgO has been poisoned 
by methanol or any reaction medium.  
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Chapter 7 
 
 
Conclusion and 
Future Work  
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7.1 Conclusions 
The objectives of this research were clearly underlined in each chapter along with 
their novelty and contribution to knowledge. Overall, the goal of this project was to 
overcome the diffusion limitation problem that normally arises in the transesterification 
of bulkier triglycerides (TAG) when using solid base catalysts. Solid base catalysts are 
preferable over solid acid catalysts in transesterification due to they are non-corrosive, 
environmentally benign, and present fewer disposal problems1,2. Various families of solid 
base catalysts have been exploited and reported in transesterification reactions ranging 
from mixed oxide, carbonates, transition metal oxide, layered materials or clays such as 
hydrotalcite and many more3,4.  
Each chapter portrayed a different type of solid base catalyst (Scheme 7.1), with 
the different tuning of morphology based on different cation or synthesis method used. 
In Chapter 3 and 4, hydrothermal (HTM) rehydration techniques have been applied to 
ConvZnAl and NiAl LDH by using alkali-free method for the first time. The HTM method 
was proven outbid the performance of gas-phase (GP) and liquid phase (LP) in terms of 
enhancing the surface architectures; a high surface area with strong basicity and 
simultaneously increased the catalytic activity. Somehow, the diffusion rates in triolein 
(C18)  are still hampered by the bulky chains and narrow pores.  
 
Scheme 7.1 Solid base catalysts used in this research for the transesterification 
reactions of model chain TAGs.    
Hydrothermal LDH Macroporous LDH
DolomiteNanoMgO
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To further investigate the effect of providing a bigger pore network, incorporation 
of the macroporous structure has been carried out by using polystyrene as a template 
(Chapter 5). The macroporous incorporation method has injected a dramatic pore 
enlargement as proven by serial characterisation study. The wider pore has elevated the 
diffusion of the substrate which in the end manage to achieve the goal of eliminating the 
diffusion limitation issue5. Chapter 6 mainly touches on the effect of using different rich-
MgO or/and CaO base catalysts on transesterification reaction. Effect of leaching also 
has been investigated. Leaching is significant in ex-gasifier dolomite and NanoMgO 
mainly due to the surface of the catalysts being poisoned by methanol during the 
reaction6.  
Herein, a comparison on the best performing catalysts has been made and 
depicted in Figure 7.1.  
Figure 7.1 Comparison of TOF values in varying chain length triglyceride (C4, C8, C12 
and C18) transesterification reactions using methanol for the best-performing catalysts 
from each chapter. 
 
  
Figure 7.2 Effect of basicity on the solid base catalysts used in this study.  
0
20
40
60
80
100
120
T
O
F
 /
 m
in
-1
C4 C8 C12 C18
0
20
40
60
80
100
120
0.000
0.001
0.002
0.003
0.004
0.005
Z
n
/A
l…
N
i/A
l H
T
M
M
g
/A
lH
T
M
M
a
c
.M
g
/A
l
M
a
c
.Z
n
/A
l
C
o
m
 d
o
l
E
x-
g
a
s
.d
o
l
N
a
n
o
M
g
o
C
o
n
ve
rs
io
n
 /
 %
 
B
a
s
ic
it
y 
/ 
m
m
o
l C
O
2
m
-2
 c
a
t
Basicity
Conversion
225 
 
Effect of basicity on conversion of transesterification are so pronounced which 
be seen in Figure 7.2. The sequel relationship can be obtained as follows: conventional 
LDH < NanoMgO < macroporous LDH < commercial dolomite < ex-gasifier dolomite.  
7.2 Recommendation / Future works 
As a recommendation, it would probably be nice to have a comparison on NiAl 
macroporous LDH along with MgAl and ZnAl macroporous LDH in term of their 
physiochemical properties and catalytic activity in transesterification reactions. In this 
research, unsuccessful attempted has been made on synthesising macroporous NiAl via 
PS soft-templated method due to the failure of reconstructing back the layer. A few 
parameter control has to be taken such as controlling the precipitation pH, the ratio and 
the calcination temperature possibly would resolve this issue. Also, in order to obtain a 
more ordered structure of macro LDH, a dissolution method in three successive toluene 
or tetrahydrofuran (THF): acetone (1:1) (1g/10 mL) has to be applied before calcination-
rehydration7. This could enhance the formation of ordered sized aggregates particles 
and give better macroporous morphology. Secondly, a transesterification reaction on a 
real feedstock such as using any oil (e.g. Jatropha or algae oil) would be highly required 
in order to further understand how the morphology and basicity would influence on the 
synergic effect of real biodiesel feedstock.  
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